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ABSTRACT

A tactical missile with mid-course requires the use of an Inertial
Navigation System (INS). Steady-state Kalman Filters (SKF) used as
estimators have baen proposed for use in a Strapdown INS that is con-
sidered to be cheaper and easier to impiement than a gimbaled INS.

This thesis further investigates the sensitivity of the SKF to in-
accuracies in the filter parameters such as the dimensional stability
derivatives. The apalysis is expanded to explore the sensitivity of a
system of higher dimension created by the augmentation of an additional
state. The study has been performed by independently varying each of the
filter parameters over a given range and noting the effect on the accu-
racy of the filter. One of the benefits of this analysis of the rms
estimate errors to variations in the stability derivatives is that it
reveals which derivatives need to be accurately determined to ensure

stable flight.
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I. INTROGUCTION

A tactical missile normally requires midcourse guidance to ensure
that its trajectory leads to a specific target, A typical midcourse
guidance law pre-programmed strategy maintains constant altitude, heading
and speed. Such guidance is primarily effected by an Intertial Navi-
gation System (INS). In this work two steady-state Kalman Filters (5KF),
used as estimators of tae longitudinal and lateral motion, constitute
what may be considered as part of a Strapdown INS onboard a missile that
can be cheaper and easier to implement than a gimballed INS. The authors
of [Ref. 1] discuss the basic differences between Strapdown and gimballed
Inertial Navigation Systems.

Sensors on the missile that tha longitudiral and lateral estimators
could use are described by Maybeck [Ref. 2] and include laser rate gyros,
doppler velocimeters, magnetic compasses, and barometric altimeters. A
radar seeker could provide a distance or range measurement or range rate.
Distance or position measurement cculd be computed from a signal inserted
into the missile's INS from the Global Positioning System (GPS) or
similar satellite-based navigation system.

This work was motivated by Bryson [Ref. 3], where he discusses a
Strapdown INS using SKF as estimators applied to the model for the DC-8
airplane. To aveid classification requirements and for corvenience, the
model used here is essentially the same as that of [Ref. 3] rather than

that of a missile.
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This thesis is a continuation of the work done by Matallama [Ref. 4].
It further investigates the sensitivity of the Kalman Filter to inaccu-
ractes in the filter parameters or varation between the filter model and
the plant model for Tongitudinal motion estimation. The differences
could be due to model inaccuracies or to normal variation caused by a
changing flight environment. The sensitivity of rms estimate errors to
inaccuracies or differences in the stability derivatives is the result of
interest.

The initial work conducted was to reproduce the results of [Ref. 3]
and {Ref. 4] with the correct implementation of the dynamics in the
filter parameters. Then the results of [Ref. 4] for the longitudinal
motion estimator with incorrect implementation of the dynamics in the
Kalman Filter were reproduced.

After a distance measurement and associated system and measurement
noise parameters were added to the model dynamics, the sensitivity anal-
ysis was repeated for the longitudinal motion estimator. The analysis of
the effect that this distance input had on the sensitivity of the rms

errors to inaccuracies or differences in the stability derivatives of the

Kaiman Filter concluded the research for this thesis.




II. MODELS AND ESTMATION

A. KALMAN FILTER

Cnly a brief description of the Kalman Filter has been included to
show the particular formulation used. A more complete development of
general theory is done by Gelb in [Ref. 5].

1. Linear Dynamic System

Consider the linear time invariant system (plant and measurament
models) given by equation (1) below, where x represents the states of the
system; z is the measurement; F is the system matrix; I is the driving
noise coefficient matrix; H is the measurement scaling matrix; and w and
v are independent, zero-mean, white gaussian noise processes with covar-

iance matrices § and R respectively.

X = Fx + I'w (1-a)

Z=Hx + v (1-b)
Mathematically, Q and R are represented by eguation (2) as:

Ew(t)w (1)

Q(t)a(t-t), E(w(t)) =0 (2-a)

E(v(t)v (1))

R(t)o(t-1), E(v(t)) =0 (2-b)

2. Continuous Kalman Filter

A continuous time Kalman Filter is described by equation (3)

where X is the state estimate and K is a matrix of constant fiiter gains.

X = FR + K(z-H%) (3)




1]
3 The implementation of the System Model and the Kalman Filter is shown in
Figure 1.
1
- 1
1 MATHEMATICAL MODEL
SYSTEM MEASUREMENT KALMAN FILTER
v
X +A\21 ¢+ + : o
Weed I | ws n f . H —£__€\E K re j X
‘ ; F - F ™
!
1
. H
Figure 1. System Model and Kalman Filter
§ The estimate error is defined by equation (4) as
. ;Qi'

X (4)
and the differential equation for X is given by
X = (F-KH)X = T'w + Kv (5)

The differential equations for the states of a linear system driven by

noise can be expressed as

13
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The covariance of the estimate-error, symbolized as P, is defined by

equation (7). It provides a statistical measure of the uncertainty in x.
P = (D) (7)

The diagonal elements of the covariance matrix are the root mean square
errors of the state variables. Also, the trace of P is the mean square
length of the vector X. The off diagonal terms of P indicate the degree
of cross-correlation between the elements of X. The covariance matrix P

is obtained by solving the linear Lyapunov equation given by

T

P = (F-KH) P + P(F-KH)| + rQr' + KRK (8)
The eigenvalues of the filter are given by the roots of
ISI - F + KHl =0 (9)

B. STATE AUGMENTATION AND SHAPING FILTERS

When the system random disturbances are correlated in time, i.e.,
colored noise, it is necessary to use their power spectral density data
in order to develop a mathematical model that produces an output which
duplicates the noise characteristics [Ref. 2]. Correlated random noises
are taken to be state variables of a ficticious linear time invariant
system (usually called a shaping filter) which is itself excited by white

gaussian noise. Such a model is given by equation (10) below, where the

14



subscript f denotes filter, and n is a nonwhite (time-correlated) gaus-
sian noise. The filter output is used to drive the system depicted by

Figure 2.
Xe = fof + rfw_ (10-a)
zZ = fof (10-b)

The dimension of the state vector (1) is increased by including the
disturbances as well as a description of the system dynamics behavior in
appropriate rows of an enlarged F matrix. This enlargement process is

called state vector augmentation.

SHAPING FILTER SYSTEM
+ X
Iy RO~ [ -l Hg¢
Fr

Figure 2. Shaping Filter Generating Driving Noise
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The augmented state equatior is given by

. IH
=|E f 0
R
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The associated measurement equation is

]

C. SENSITIVITY TO PARAMETER VARIATION

Observing the structure of the Kalman Filter illustrated in Figure 1,
the filter contains an exact model of the system dynamics.

The apalysis of how the error covariance behaves when the gain matrix
is computed using perturbed values of the F matrix, such as varying
parameters due to different flight conditions, is well explained in

4 [Ref. 5]. Figure 3 is a block diagram of the system model and Kalman
. Filter with the system dynamics perturbed. F* is the perturbed system
dynamics, while K* is the associated gain matrix computed for the Kalman

Filter.

SYSTEM KALMAN FILTER

v

[—

X

Figure 3. System Model and Kalman Filter with
Perturbed Dynamics

16




. - The equation for the estimate is given by

= F*X% + K*(z-HXk) (13)
The error in the estimate is given by
X = (F% = KXH)X + AFx - Fw + K*v (14)

where

AF 8 Fx - F (15)

The differential equations for the states of linear system driven by

white gaussian noise now become

el b o
.

T
A
4]

x|

Letting x' be the augmented state vector, x! 8

The covariance matrix of x' is given by

E(x'x' Ty = ['G

where one defines P 2 E(xx ), V 4 E(x%T). and U & E(xxT). P, the covar~
jance of x, is the quantity of interest. The error sensitivity eguations

are:
B= (F* - K*H) P + P(F* - K*H)T + aFv + vTaF + rorT + Kxrit’ (18-a)

V= FV + V(F* - K*H)T + uaF! - rqr! (18-b)

17
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and
T oo’ (18-2)

U=Fu+uF
with initial conditions P(0) = -V(0) = U(0) = E(x(O)x(O)T). When the
actual system dynamics are reproduced in the filter, F = F* and AF = 0,

and equation (18) reduces to the linear Lyapunov equation of equation
(8).

v 3 D. MODAL COORDINATES TRANSFORMATION
The system represented by equation (1) is not unique. Consider an
alternate linear transformaton of the states described in references [3]
and [6]. Let x = T, where £ represents the transformation of the states
and T is the transformation matrix with the columns formed by the eigen-
vectors of the system matrix F (for a complex eigenvalue, the first
column is the real part and the second is the imaginary part of the

eigenvector). The similarity transformation of equation (1) is

£ = AL + Bw (19-a)
2=CE+v (19-b)
where A=T 1 FT, B =TI, and C = HT.

A case of particular interest, the canonical form, resuits when the A
matrix is diagonal (i.e., when the eigenvalues of the F matrix appear on
the diagonal). This canonical form is more informative than the transfer
function method, since observability and controlability of the system can

be obtained by inspection.

18
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E. SOLUTION OF THE SKF WITH A PRESCRIBED DEGREE OF STABILITY

e .-,.u ‘rﬂam.n-q‘gm&. BAS - - '

The constant gain Kalman Filter (SKF) used as an observor will

Stz st

diverée if undisturbed, neutrally stable (UNS) modes are in the system
model. In references [3] and [7] the authors (.scussed the destabili-

zation of the system model (1). The amount of destabilization can be

varied until the suboptimal observor formed has a desired degree of
stability. The method of [Ref. 3] destabilizes only the UNS modes in the
system model and is called "modal destabilization" (MDS). In this tech-

nique the gains of the filter are constrained so that
Re(Si) >=0,i=12,........ ,n (20)

where Re(Si) indicates the "real" part of (Si), ST""’Sn are the eigen-
values of the filter, i.e., the roots of equation (9), and o is a speci-

fied positive number.

The original system model is destabilized in accordance with equation
(21), where F' is the destabilized matrix formed, E is the destabili-

zation matrix (diagonal), and T is the modal transformation matrix

[REERREPIp SY

(eigenvector matrix). The matrix F' is used to calculate the suboptimal

PR

gains of the filter.
F' = F + TET (21)

This MDS approach prevents the divergence of the steady-state Kaiman
Filter in a system with UNS model while causing only a slight reduction

in the estimation accuracy.

19
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ITI. DYNAMIC AND MEASUREMENT SYSTEM MODELS

A. REFERENCE AXIS SYSTEM
The Reference Axis System of a missile is centered at its center of

gravity (c.g.) and fixed on the missile body as follows:

X axis, the roll axis, forward from the c.g. along the axis of
symmetry.

Y axis, the pitch axis, outward to the right from the c.g. when
viewing the missile from behind.

l axis, the yaw axis, downward from the ¢.g. in the plane of sym-

metry to form a right-handed orthogonal system with the
other two.

Appendix A lists the symbols defining quantities associated with the

missile illustrated in Figure 4 below such as forces and moments, linear

and angular velocities, and moments of inertia.

X.V.u

1L~ N,r
ir/ Relative Wind

Z.w

Figure 4. Reference Axis System
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B. MISSILE EQUATIONS OF MOTION

The equations of motion used to represent the missile dynamics used
in this study are wall defined in [Ref. 8]. A linear dynamical model of
the missile based on the rigid body approximation is appropriate.

1. Longitudinal Motion

The longitudinal motions of a missile can be modeled by a fifth-

IO e i | .

order system of equation (22), where the state variables are u, velocity
along the X axis, w, velocity along the Z axis, q, pitch rate, 6, pitch
angle and h, altitude. The units are: u and w in 10 ft/s, q in 0.01
rad/s, 6 in 0.01 rad, and h in 100 ft.

0] ~ Xu Xw 0 -g 0] [

B w Iu Iw v 0 0 w

1 al = [Muwzu Mmemizw Mg 0 0 q (22)
8 c 0 1 0 0 8
A 0 -0.1 0 v od LhJ

2. Lateral Motion

The lateral motions of a missile are modeled by the fifth-order
system given by equation (23), where the state variables are: B, sideslip
angle, r, yaw rate, p, roll rate, ¢, roll angle, and ¢, heading angle.

The units are: p in rad, r in rad/s, p in rad/s, 6 in rad, and ¢ in rad.

21
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E ; (3] (v -1 0 g/V 0] 8] i
; P N3 N2 (H 0 0 r i
f Pl = [L} L L 0 0 P (23) |
§ 6 0 0 1 0 0 ¢

t 0 1 0 0 0] ¥ |
C. MODEL DYNAMICS
The aerodynamic data used in this paper appears in Appendix B.
Except for the addition of system and measurement noise parameters for
the distance input, the models and noise dynamics are the same as those
" of [Ref. 3].
1. Longitudinal Motion Estimation
The main disturbance inputs are the two wind velocities ug and wg.
Under certain flight conditions, the turbulance represented by the fluc-
tuating parts of ug and wg are colored noise. They are modeled by first-
order shaping filters with white gaussian noise inputs as shown in
equation (10). The linear model that resuits is given by equation (24)
[Ref. 4].
i . 1 . - B T rF S
| ug -0.413 0 ug 0.412 0 Hy
{ = + (24)
| \ &g 0 -0.853 ng 0 0.853| |u,
L J 2 < - - 4 = 4




ettt

The numerical data for the longitudinal dimensional derivatives
was used in equation (22). The resultant model is represented by equa-
tion (25) which corresponds to the state vector augmentation of equation
(11). Scaling is done with u, w, u_, and wg in units of 10 ft/s, q in

g
units of 0.01 rad/s, @ in units of 0.01 rad, and h in units of 100 ft.

- p

. 9 -
ru -0.015 0.004 0 -0.0322 0 -0.015  0.004 u
W -0.074 ~-0.806 0.824 O 0 -0.074 -0.806 w
q ~-0.749 -10.7 -1.384 0 0 -0.749 -10.7 q
el=10 0 1 0 0 0 ) )
h 0 -0.1 9 0.0824 0 0 0 h
g 0 0 0 0 6 -0.413 0 ug
w 0 0 0 0 0 -0.853 w
L 9 " - | 9
0 0o
0 0
0 0
. Hy
+ 10 0 (25)
”w
0 0
0.413 0
| 0 0.853

The measurement model shown by equation (26) assumes a rate gyro

in order to measure zq and a barometric altimeter to measure z,.




1 of v
+ [ ] [ g (26)
0 1 vh

2. Lateral Motion Estimation

The main disturbance input is the lateral wind v. The turbulence
represented by the fluctuating part of v is the colored noise, which is
also modeled as a first-order shaping filter with white gaussian noise
input as given by equation (10). The resulting shaping filter taken from

[Ref. 3] is given by equation (27).

.

Bq = -0.8538  + 0.853u (27)

where ﬁg = vg/V.

The numerical data for the lateral dimensional derivatives was
applied in equation (23) to obtain equation (28), which corresponds to

the state vector augmentation of equation (11).

5]  [0.08s8 -1 0 0.03907 0 -0.0868] [ ] o |

r 2.4 -0.228 -0.0204 O 0 2.14 r C

p -4.41 0.33¢ -1.181 0 0 -4.41 p 0

¢ "o 0 ] 0 0 o ¢ ' 0

v 0 ! 0 o 0 0 ¥ 0

_Bg. _o 0 0 0 0 -0.853d _ng f.as.’:
(28)
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The measurement model given by equation (29) below represents the case
where the measurement z is taken with a roll-rate gyro and the measure-

ment z obtained from a magnetic compas..

- 5 ]
.
z] o o v o o0 o] |p} |1 o} }v
pl _ + P (29)
zof {0 0 0o 0o 1 of e 0 ] v,
Y
B
| 9]
25
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IV. ANALYSIS

A.  SIMULATION

The Sensitivity Covariance Program developed for application in the
work of [Ref. 4] was used to solve the error sensitivity equations of
equation (18). The program was originally developed to handle a set of
105 linear differential equations for the longitudinal case and 78 for
the lateral. The program was revised to accommodate 136 linear differ-
ential equations in the longitudinal case and 101 in the lateral, to
aliow for an additional state augmentation (i.e., the distance measure-
ment to the longitudinal model). The outputs of these programs are the
time matrices and rms estimate errors, the square roots of the diagonal
elements of the P matrices. The OPTSYS program, the use of which is
described by [Ref. 9] and amplified by [Ref. 10], was applied to calcu-
late the Kalman Filter gains to be inserted into the Sensitivity Covar-
iance Program to find the estimate errors for specific system parameter
perturbations. The OPTSYS program was also used to destabilize the
systems that contained UNS modes in an attempt to eliminate filter
divergence. Copies of the OPTSYS and the Sensitivity Covariance programs
follow under COMPUTER PROGRAMS, while a copy of [Ref. 10] appears in
Appendix C.

B. RESULTS
As the problem is introduced, the results are presented in three
parts: (1) to verify the findings of [Ref. 3] and [Ref. 4] with the

correct implementation of the dynamics in the filter parameters, (2) to
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reproduce the findings of [Ref. 4] for the longitudinal motion estimator

with incorrect implementation of the dynamics in the Kalman Filter, and
(3) to conduct a sensitivity analysis of the longitudinal motion esti-
mator after adding a distance measurement and associated system and
measurement noise parameters to the model dynamics.

1. Motion Estimation Analysis for Exact Dynamics

The OPTSYS program was used with input data representing the
actual system dynamics for both the longitudinal and lateral cases to
1 obtain the following results which are the same as those of [Ref. 4] and
{ essentially the same as those of [Ref. 3].

a. Llongitudinal Case

1 filter gain matrix K filter eigenvalues
-i 0.059 0. 060 -0.310 + j0.411
0. 264 -0.161 -0.429
3.517 0.040 -0.178
0.001 -0.080 -0. 261
-0.011 0.035 -0.063 + j0.0743
i -1.288 0.128

rirs estimate errors

_'; u=2.090 ft/s 8 = 0.317 deg
: w = 5.102 ft/s h = 8.245 ft
q = 0.416 deg/s ag = 4.776 ft/s
wg = 5.701 ft/s
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b. Lateral Case

filter gain matrix K filter eigenvalues
0.051 -0.967 -2.350 + j2.594
-1.536 0.41 -0.524 + j0.492
2.695 -0.004 -0.00125
0.386 -0.789 0.0
-0. 005 0.906
-1.713 0.855
rms estimate errors
;B = 3,329 ft/s
r = 0.244 deg/s
p = 0.377 deg/s
¢ = 0.222 deg
§ = 0.214 deg
V, = 5.506 ft/s
By

2. Llongitudinal Motion Estimation Analysis

The OPTSYS program was used to compute a new K* matrix as each
parameter of the F matrix was individually numerically varied. The
Sensitivity Covariance Program was then executed utilizing each new K*
and F* matrix pair to determine the rms errors for each individual per-
turbation.

The results are shown in Tables 1-8 and are identical to those of
[Ref. 4]. The true values for the unperturbed system dynamics parameters

are indicated in the tables by an asterisk. A discussicn of the results

follows:
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The dimensional variation of the X force with forward speed u
has a nominal value of -0.015. This quantity was varied in a
range of 120%. The behavicr of the rms estimate errors can De
seen in Table 1. The tabulation shows that the numerical
variation of the Xu derivative does not cause significant
changes in the nominal values of the rms estimate errors of the
states w, g, 8, Gg, and w . The states u and h appear to be
slightly effected, but not enough to be of importance.

The dimensional variation of the X force with downward speed w
has a nominal value of 0.004. Again, a numerical variation in
a range of +20% was conducted. The behavior of the rms errors
is demonstrated by Table 2. Comparing these values with the
nominal ones reveals that changes in the xw derivative have
essentia11y-no effect on the states w, q, 0, ug, and w_, while
the states u and h show changes too small to consider important.

The dimensional variation of the Z force caused by a change in
the forward speed u has a nominal value of -0.074. The design
value was altered in a range of t20% with the results shown in
Table 3. Evaluation of this data indicates that all the rms
errors show some sensitivity except for that of a. The most
significant changes occur in the u, 8, and h states. The large
variation in u can be important in terms of the accuracy in
radial position.

The dimensional variation of the Z force with downward speed w
has a nominal value of -0.806. The results for this case with
changes in Zw over a range of +20% follaw in Table 4. They
show that all the rms estimate errors are quite sensitive and
any variation of Zw beyond +2X can be considered critical and
unacceptable.
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TABLE 1.

N r g
PGS PPN

RMS ESTIMATE ERRORS FOR LONGITUDINAL MOTION ESTIMATOR

WITH VARIATION IN Xu DERIVATIVE

X, ; . ; 5 ; ug | g
ft/s ft/s deg/s deg ft ft/s ft/s
-0.018 2.096 5.102 0.416 0.317 8.248 4.776 5.701
-0.0165 2.094 5.102 0.416 0.317 8.246 4.776 5.701
-0.01575 2.091 5.102 0.416 0.317 8.240 4.776 5.701
-0.015 * 2.090 5.102 0.416 0.317 8.245 4.776 5.701
=-0.01425 2.088 5.103 0.416 0.317 8.260 4.775 5.701
-0.0135 2.089 5.103 0.416 0.317 8. 280 4.775 5.701
-0.012 2.092 5.103 0.416 0.3v7 8.340 4,775 5.701
TABLE 2. RMS ESTIMATE ERRORS FOR LONGITUDINAL MOTION ESTIMATOR
WITH VARIATION IN Xw DERIVATIVE
X, m " : : Pl Y | Y
ft/s ft/s deg/s deg ft ft/s ft/s
0.0048 2.070 5.102 0.416 0.317 8.319 4.776 5.701
0.0044 2.080 5.102 0.416 0.317 8.282 4.776 5.701
0.0042 2.086 5.102 0.416 0.317 8.257 4,776 5.701
0.004 * 2.090 5.102 0.416 0.317 8.245 4,776 5.701
0.0038 2.100 5.102 0.416 0.317 8.223 4.776 5.701
0.0036 2.103 5.102 0.416 0.316 8.215 4.776 5.701
0.0032 2.110 5.101 0.416 0.316 8.180 4.776 5.701
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TABLE 3. RMS ESTIMATE ERRORS FOR LONGITUDINAL MOTION ESTIMATOR
WITH VARIATION IN Zu DERIVATIVE
2, 3 v a 5 R ug g
ft/s ft/s deg/s deg ft ft/s ft/s
-0.0888 1.885 5.106 0.416 0.322 9.310 4.776 5.707
-0.0814 1.974 5.104 0.416 0.319 8.808 4.775 5.703
=0.0777 2.026 5.194 0.416 0.318 8.579 4.775 5.702
-0.740 * 2.090 5.102 0.416 0.317 8. 245 4,776 5.701
-0.0703 2.122 5.100 0.416 0.315 7.800 4.777 5.700
-0.0666 2.270 5.095 0.416 0.313 7.101 4.777 5.697
-0.0592 2.32 5.094 0.416 0.3N 7.000 4.778 5.695
TABLE 4. RMS ESTIMATE ERRORS FOR LONGITUDINAL MOTION ESTIMATOR
WITH VARIATION IN Zw DERIVATIVE
z, i v 3 5 ; g vy
ft/s ft/s deg/s deg ft ft/s ft/s
-0.9612 30.08 6.172 0.486 0.440 |17.97 4.778 7.138
-0.8866 11.80 5.810 0.428 0.415 (33.50 4,785 5.957
-0.8463 5.345 5.259 0.421 0.400 |22.776 4,779 5.737
-0.806 * 2.090 5.102 0.416 0.317 8.245 4.776 5.701
~0.7657 2.668 5.032 0.412 0.219 |16.903 4.772 5.710
-0.7256 3.188 5.035 0.407 0.200 |21.026 4.760 5.746
-0. 665 3.260 5.065 0.406 0.185 123.000 4.767 5.794
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M . The dimensionul variation of the M moment caused by a change in
the forward speed u has a nominal value of -0.000786. From
Table 5, one notes that the rms errors for tha states g, ﬁg,
and wg are not effected by a variation in Mu of 120%, but
significant changes are seen when Mu is varied more than t10%
in the errors of states u, w, 8, and h.

I

M. The dimensional variation of the M moment with speed w has a
nominal value of -0.0111. The results of a numerical variation
in a range of *10% can be seen in Table 6. Since any alter-
ation in the true value of Mw has a strong effect on al: the
rms estimate errors, this derivative can be considered the most
critical in the longitudinal motion estimation case.

l€

The dimensional variation of the pitching moment with pitch
rate g has a nominal value of -0.924. The results of Table 7
on the rms estimate errors for a +20% change in M_ show that
the sensitivity to variations in this parameter is minimal for
all states.

l=*

M:. The dimensional variation of the pitching moment with the rate

of change of the downward speed w has a nominal value of
-0.00057. Table 8 contains the rms errors data obtained by
Altering M. +20% from its rominal value. A1l the errors show a
degree of sensitivity and the variation of errors is signifi-
cant when M. is changed by more than 12%.

Since plots of the rms estimate errors versus changes in the
particular dimensiona' derivatives for data identical to that of Tables
1-8 appears in [Ref. 4] in Figures 35-40, they will not be repeated in
this work, A summary of the relative sensitivity of the rms estimate

errors to changes in the individual dimensional derivatives follaws in

Table 9,




TABLE 5.

WITH VARIATION IN Mu DERIVATIVE

RMS ESTIMATE ERRORS FOR LONGITUDINAL MOTION ESTIMATOR

— - =
M, u w 3 8 h Yq ¥g
ft/s ft/s deg/s deg ft ft/s ft/s
-0.000943 | 2.234 5.061 0.416 0.305 6.230 4.775 5.689
-0.000865 | 2.115 5.089 0.416 a.210 6.640 4.775 5.695
-0.000825 | 2.104 5.094 0.416 0.314 7.531 4,776 5.698
-0.000786* 2.09b 5.102 0.416 0.317 8.245 4,776 5.701
-0.000747 | 1.993 5.105 0.416 0,318 8.595 4,777 5.703
-0.000707 ] 1.866 5.108 0.416 0.219 8.832 4.779 5.705
-0.0600629 | 1.566 51N 0.416 0.3z22 9.178 4.783 5.708
TABLE 6. RMS ESTIMATE ERRORS FOR LONGITUDINAL MOTION ESTIMATOR
WITH VARIATION IN Mw DERIVATIVE
M, i v : ; Pl Y | g
ft/s ft/s deg/s deg ft ft/s ft/s
-0.01165 }18.43 8. 350 0.502 0.455 | 29.870 4,778 5.695
-0.0%13 5.163 5.142 0.433 0.373 | 17.790 4.778 5.694
-0.01°2 3.110 5.113 0.418 0.321 | 10.427 4.777 £.699
-0.0111 * | 2.090 | 51.102 0.416 0.317 8.245 4.776 5.700
-0.0109 5.206 5.018 0.419 0.325 | 16.650 4.776 5.700
-0.01055 | 13.652 5.342 0.447 0.430 | 12.204 4i776 5.918
-0.00999 | 19.13 18.95% 0.475 0.704 | 68.98 4.756 6.102

33




..
e L.‘.ﬁ-.‘.,(......:m.iam

TABLE 7. RMS ESTIMATE ERRORS FOR LONGITUDINAL MOTION ESTIMATOR
WITH VARIATION IN M, DERIVATIVE
M i . 3 5 R ug v
q ft/s ft/s deg/s | deg ft ft/s ft/s
-1.109 2.091 | 5.102 | 0.416 | 0.316 | 8.230 | 4.776 | 5.701
-1.016 2.091 | 5.102 | 0.416 | 0.316 | 8.238 | 4.775 | 5.701
-0.970 2.091 | 5.102 | 0.416 | 0.317 | 8.236 | 4.776 | 5.701
-0.926 * | 2.090 | 5.102 | 0.416 | 0.317 | 8.245 | 4.776 | 5.701
-0.880 2.090 | 5.102 | 0.416 | 0.316 | 8.244 | 4.776 | 5.701
-0.832 2.089 | 5.102 | 0.416 | 0.316 | 8.236 | 4.776 | 5.701
-0.7392 2.082 | 5.102 | 0.416 | 0.316 | 8.232 | 4.776 | 5.701
TABLE 8. RMS ESTIMATE ERRORS FOR LONGITUDINAL MOTION ESTIMATOR
WITH VARIATION IN M. DERIVATIVE
n;, i " 3 5 S P
ft/s ft/s deg/s deg ft ft/s ft/s
-0.00061 | 2.610 | 5.053 | 0.417 | 0.273 |10.665 | 4.775 | 5.688
-0.00056 | 2.476 | 5.089 | 0.417 | 0.295 | 6.301 | 4.776 | 5.703
-0.00053 | 2.398 | 5.091 | 0.417 | 0.3084 | 4.150 | 4.776 | 5.698
-0.00051% | 2.090 | 5.102 | 0.416  0.317 | 8.245 | 4.776 | 5.70
-0.00049 | 2.491 | 5.108 | 0.416 | 0.322 | 9.757 | 4.776 | 5.702
-0.00046 | 2.976 | 5.118 | 0.415 | 0.332 |12.067 | 4.776 | 5.703
-0.00041 | 3.570 | 5.124 | 0.415 | 0.340 |13.536 | 4.776 | 5.703
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TABLE 9. RELATIVE SENSITIVITY OF THE RMS ESTIMATE ERRORS

1 TO CHANGES IN DERIVATIVES
DERIVATIVE NS RS VS
Xu X
: Xw X
Zu X
Zw X
Mu X
Mw X
Hq X
H;' X
NS = Not sensitive
RS = Relatively sensitive
VS = Very sensitive

35




3. Analysis of Longitudinal Motion Estimation After Augmentation

Including the distance measurement to the system required state
augmentation ¢f the system and measurement models as demonstrated by

equations (30) and (31) that follow:

o] [Fo.015  o0.004 0 -0.0322 0 -0.015 0.008 0] [u |
W -0.074 - 0.806 0.824 0 0 -0.074 - 0.806 0| {w
q -0.749 -10.7 -1.344 O 0 -0.749 -10.7 o| |q
g j=1]0 0 1.0 0 0 0 0 0] |e
h 0 - 0.1 0 0.824 0 O© 0 of |h
ﬁg 0 0 0 0 0 -0.413 0 0 fug
vy 0 0 0 0 0 0 -0.853 0| |w,
d ] 0.0 0 0 0 0 0 0 0} Ld]

0 0 0]

0 0 0

0 0 0

0 0 0 Hy

+ o 0 0 b, (30)

0.413 0 0 ™

0 0.853 0

0 0 1.0]
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and

0 0 O
0 o0 0
0 0 1

In these equations the state variables are u, velocity along the X axis,

w, velocity along the Z axis, q, pitch rate, 8, pitch angle, h, altitude

and d, distance traveled along the X axis.

The units are: u and w in

10 ft/s, q in 0.01 rad/s, & in 0.01 rad, h in 100 ft, and d in 10 ft,

The OPTSYS program, when executed with the data from equations

(30) and (31) above and the standard deviation values from Appendix B,

yielded the following:

filter gain matrix K

0.0592
0.2646
3.5768
0.0011
0.0135
-0.0114
-1.2876
0. 0469

0.0570
-0.1611
0.0404
-0.0810
0.1353
0.0356
0.1283
0.0561
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0.0014
-0.0007
0.0002
-0.0007
0.¢o0!
-0.0002
0.0005
1.0014

T e i et e g o



filter eigenvaiues

-3.103 t 4.1103
-1.C00

-0.4146

-0.3152

-0.0485 t 0.0548
-0.0551

rms estimate errors

u = 2.090 ft/s 8 = 0.316 deg
w = 5.i02 ft/s h = 8.225 ft
q = 0.416 deg/s ag = 4,776 ft/s
Gg = 5,701 ft/s d = 38.730 ft

The next step in the analysis was to perturb each directional
derivative independently by specific amounts from its nominal value and
to observe the effect on the rmas estimate errors. This process was
carried out for all eight directional derivatives and the response was
the same for each case -- even a slight perturbation of -0.1% of any
directional derivative from its nominal value caused the rms estimate
errors to increase without bound. This behavior indicated that any
incorrect implementation of dynamics in the new system formed by the
augmentation of the distance measurement would cause i.stability and the
Kalman Filter to diverge.

Several system parameters were individually modified and the

analysis repeated in hopes of finding a stable system for which the
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Kalman Filter converged. The coefficient for the distance term in the
process noise distribution matrix was varied from 0.01-5.0, the power
spectral density process noise entry for distance was changed in a range
of 1.105-30.0, and the distance term for the power spectral density
measurer.nt noise adjusted over a range of 0.03-30.0. None of these
trials led to a stable system.

A modal analysis was also performed using the open loop eigen-
values from the OPTSYS output listing. The system of equations (30) and

(31) when transforwmed into modal coordinates give equations (32) and (33)

below:
] foo o 0 0 0
€4 00 0 0 0 0
£ 0 0 -1.076 2.957 O 0
ol = [0 0 2.957 -1.07%6 o0 0
& 00 o0 0 -0.006 0.024
&2 00 0 0 0.024 -0.006
bug 00 0 0 0 0
bug| (00 0 0 0 0
K 0.1 0]
1.0 0 1.0
-0.028 -0.088 0
“U
-0.110 -3.153 0
+ pw
1.027 -0.048 O
Ha
-0.210  1.467 0
0.420 0 0
| 0 1.83 0
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Zq 0 o0 1.0 0 -0.000) 0.0605 0.0548 0.4802 £
z,{=[1.00 0.0016 0.0016 -0.0156 -0.0812 0.0082 -0.0025| + &,
’ Z4 0 1.0 -0.0008 -0.0004 1.0 0 -0.0657 =-0.0252 gp]
E ng
Ew
1 0 0 Y C 9
10 1 o v, (33)
}
0 o0 1J vy :

Consistent with the discussion in [Ref. 3], inspection of equa-
tion (32) revealed that the energy mode gE and the distance mode gd, were
neutrally stable (i.e., eigenvalues = Q). Inspection of equation (33)
showed that gE was unobservable with zq and 2, and that gd was unchsarv- i
able with zq and z,- Equation (32) also disclosad that £E was undis-
turbed by ug and d, and that gd was undisturbed by wg. Tnerefore, de-
stabilization was conducted in an attempt to prevent filter divergence.
Both total and modal destabilization described earlier in this work and
in [Ref. 3] were performed in amounts of 0.040 and 1.0 using the OPTSYS é
program. The filter gains computed for the destabilized system were then
executed in the Sensitivity Covariance Program with each of the modified
parameter combinations discussed earlier. Without exception, the rms

1
%
|
estimation errors increased without bound when the least sensitive dimen- ]

sional derivative X, was perturbed by as Tittle as #1%.
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V. CONCLUSIONS AND RECOMMENDATIONS

A.  COHCLL'SIONS
The conclusions reached were based on the results ohtained and wiil
therefore be presented in three parts.

1. Motion Estimation Analysis for Exact Dynamics

The data in the results is in agreement with that of both
[Ref. 3] and [Ref. 4]. It shows that both the Kalman Filters for initial
longitudinal and lateral cases are stable when the true values for the
system dynamics are implemented.

2. longitudinal Motion Estimation Analysis

The results from Tables 1-8 and summarized in Table 9 are con-
sistent with those of [Ref. 4]. The stability derivatives Zw and Mw
cause the strongest changes in the rms estimate errors when they are

varied. Basically, Z_  and Mw must be quite accurately reproduced in the

w
filter to prevent divergence. Changes in the stability derivatives Zu’
Mu, and M& reflect intermediate variations in nearly all the rms estimate
errors. For the model considered a tolerance of more than 5% affects
the accuracy in the radial position since large variations in u occur. A
tollerance of perhaps +20% can be accepted in the dimensional derivatives
Xu, Xw, and Mq for tnis model since no important effect is noted in the

™s errors over that range.

3. Analysis of Longitudinal Motion Estimation After Augmentation

From the results presented earlier for the new system model fomed

by the augmentation of a distance measurement and associated process and
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measurement noise parameters, it is apparen* that the corresponding
Kalman Filter will diverge for even a slight variation in any of the
dimensional derivatives from their nominal values. Even the Kalman
Filter developed by system destabilization proved to be unstable with the

parameters used.

B. RECOMMENDATIONS

Further analysis of the augmented system including the distance or
position estimation is desirable. Perhaps a more in~depth study of the
measurement parameter scaling would enable the development of a stable

Kalman Filter for at least a destabilized system.
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VI. SUMMARY

The sansitivity analyses performed in this work have revealed the
importance of accuracy in determining system dynamics utilized in formu- °
lating the model for the Kalman Filter. The relative sensitivity of the
rms estimation errors to variance in each of the particular dimensional
derivatives is shown in Table 9 for the Longitudinal Motion Estimator.

The Tlongitudinal system augmented with the distance measurement
developed appears to be extremely sensitive to variations in all the

dimensional derivatives. Further analysis of the model developed is

suggested.




H APPENDIX A
3 ) LIST OF SYMBOLS

Regular Symbols Definition

A Modal transformation of F matrix
Modal transformation of I matrix
Modal transformation of H matrix
Dutch roll mode
Distance traveled along the X axis
Destabilization matrix
System dynamics matrix
Subscript for filter
Destabilized matrix
Subscript for wind speed
Measurement matrix
Heading Mode
Altitude
INS Inertial Navigation System
Kalman Filter gain matrix
L Rolling moment (about X axis)

Pitching moment (about Y axis)

MDS Modal destabilization
N Yawing moment (about Z axis)
Non-white gaussian noise

> o T I M -« MmMmAaoa o o m

~ 3

Covariance propagation of the estimate
aerror matrix

Perturbed roll rate
Covariance matrix of w
Perturbed pitch rate
Covariance matrix of v
Perturbed yaw rate
Spiral mode

v 3 V0 O v




-l o1

.~y 1M "

Regular Symbols Definition
SKF Steady-State Kalman Filter

T Transformation matrix

UNS Undisturbed neutrally stable
Perturbed forward speed {along X axis)
Forward velocity

Perturbed side velocity

Driving white gaussian noise

Perturbed downward velocity

[l=]

Reference axis

State vector of the system
State estimate vector
Estimate error vector
Reference axis

Measurement vector
Reference Axis

N N < X¢ X)X X & € < < €&

Greek Symbols Definition
Heading angle

Perturbed pitch attitude angle
Perturbed bank (roll) angle
Sideslip angle

Driving noise matrix
Eigenvaiue constrain

Standard deviation
Transformed state vector

<

- Jdr Q Q I WL 6 @

Time
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APPENDIX B
AERODYNAMIC DATA AND PROBABILISTIC INFORMATION

v = 820 ft/s

1. Longitudinal Model

a. Dimensional Derivatives

Xu 0.015 1/s

Xw = 0.004 1/s

Zu = -0.074 1/s

Iw = -0.0806 1/s

Mu = -0.0786 1/s~ft
Mv = -0.0111 1/s-ft
Mq = -0.924 1/s-rad

Mw = -0.00051 1/ft

b. Distrubance Noise Standard Deviation

o, =0, = 1.105 /s (10 ft/s)?
g, = 30.0 1/s (10 ft/s)2

(7 ft/s rms gust with a 930-ft correlation distance).

c. Observation Noise Standard Deviation

Uq = 0.15 s (0.01 rad/s)2
o = 0.05 s (100 ft)2
a4 = 30.0 s (10 ft)2
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2. lLateral Models

a. D[imensional Derivatives
Y =-0.0858 1/s
N = 2.14 1/s
N; = -0.228 1/s

N& = -0.0204 1/s

= -4.41 1/s2

L; = 0.334 1/s

Lé =-1.181 1/s

I bbbt gpdicaba sk
™ -

b. Disturbance Noise Standard Deviation
o=1.63x10% 1/s

(7 ft/s rms gust with a 930-ft correlation distance)

{
c. Observation Noise Standard Deviation

1.5 x 1072 s
1.9 x 10_5 1/s

%

%
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APPENDIX C
AN AID TO USING OPTSYS AT NPS

I. INTRODUCTION

One of the tasks involved in my thesis work at the Naval Pastgraduate
School (NPS) was to verify some of the data of reference [1] which in-
vestigated the sensitivity of the Steady-State Kalman Fiiters as lateral
and longitudinal estimators in Strapdown Inertial Navigation Systems
(INS). One of the recurring, essential calculations was for the steady-
state gains of each systzm model considered. Fortunately, the OPTSYS
computer program was available in Fortran at the computer center to help
perform this enormous job. The use of the QOPTSYS program was covered by
reference [2], but not in adequate detail for easy application. After
much triai-and-error, frustration, attempted decoding with the assistance
of the computer center staff, and prayer, and at the expense of many
man-hours of time, our Lord enabled me to properly fill out and order the
data cards for a particular modeled system and obtain the expected
results upon execution of the program. Since Professor Collins has
several other students in need of a users working knowledge of the OPTSYS
program and anyone using Kalman Filters can benefit as well, I am writing
a more detailed description of how to correctiy input data by discussing

a2 specific example. The intent of this paper is to supplement the

guidance of reference [2] and further facilitate research at NPS.
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II. MODEL AND ESTIMATION

Consider the linear time-invariant system given by

X = FX + Tw

N
"

Hx + v

where x represents the states of the system; z is the measurement vector;

F is the system matrix; I is the driving noise coefficient matrix; H is
the measurement scaling matrix; and w and v are independent, zero-mean,

white gaussian noise processes with covariance matrices Q and R,
respectively.

A continuous time Kalman Filter for this system is describasd by

% = Fx + K(z - HX)

where x is the state estimate and K is the matrix of the steady-state
h, . 2 gains of the Kaiman Filter,

The implementation of the System Model and
the Kalman Filter are shown below in Figure C-1 [Ref. 1].




- o——— i b

MATHEMATICAL MODEL
SYSTEM MEASUREMENT KALMAN FILTER

Figure C-1. System Model and Kaiman Filter
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ITI. AN EXAMPLE OF LONGITUDINAL MOTION ESTIMATION

After state vector augmentation, the resultant model of longitudinal

motion of an aircraft of the form X = Fx + I'w is

0]  [-0.015 o0.004 o -0.0322 0 -0.015 0.004] | ul
w -0.074 -0.806 0.824 0 0 -0.074 -0.806 w
q -0.749 -10.7 -1.34 0 0 -0.749 -10.7 q
8|l=1]0 0 1 1 0 0 0 ()
h 0 -0.1 0 0.0824 0 0 0 h
Gg 0 0 0 0 0 -0.413 0 u
| _o 0 0 0 0 0 -o.esi |

K 0 ]

0 0

0 0

(L

0 0 P

0.413 0

L 0 0.853]

where the units are scaled such that u, w, ug, and wg must be multiplied
by 10 to give feet per second, q by 0.01 to give radians per second, 8 by

0.01 to give radians, and h by 100 to give units of feet [Ref. 1].
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The corresponding measurement madel in the form z = Hx + Iv is given

by

o

l's ¢ = o o
+
Ic _.ll
L=
< <}
g0 )
~~
N
P
L

g
g

For this model Qu = Qg = 1.105 (10 ft/s)2/s, Rq = 0.15 (0.01 rad/s)2 and
Rh = (0.05 (100 ft)2 s [Ref. 31].
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IV. APPLYING OPTSYS TO THE EXAMPLE

The essential input data that will enable OPTSYS to calculate the
steady-state gains of the Kalman Filter and many other parameters out-
lined in [Ref. 2] follows on page 55. The input data and control cards
are described in the paragraphs below.

Card 1 - The 17 entries in every other column from column 2 tirough
column 34 essentially tell OPTSYS what to compute. See [Ref. 2] for more
details.

Card 2 -~ The 5 entries in every third column from 3 through 15 de-
scribe the system being modeled to OPTSYS. The first entry tells the
nunber of states or order of the system-7 since there are seven rows in
the F matrix. The second entry gives the number of controls-0 since u=0.
The third entry tells that we have 2 measurements, while the fourth entry
shows that two process noise sources exist. Tha fifth entry is always
zero when filter synthesis is done. See [Ref. 2] if reguilator synthesis
only is desired.

Cards 3-16 - These cards contain the F matrix. The first six entries
of each row jo on one card with 12 columns for each entry-1-12, 13-24,
...., 60-72. The seventh entry for each row is placed in columns 1-12 of
a continuation c=rd that immediately follows the card with the first six
entries of the row. Note that if our example system were 6x6, the F

matrix would only take up cards 3-8.
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The next three cavds, 17-19 in our example, contain the H matrix.
Note that this matrix is also entered on the cards by rows, but consecu-
tively with an entry in every 12 columns with 6 entries per card as long
as unused row elements remain! Thus the first entry of row 2 of the H
matrix appears in columns 13-24 of card 18.

The next three cards, 20-22, hold the I' matrix. This matrix is also
entered consecutively by rows with an entry in the first 14 groups of 12
columns on the cards!

The next to the last card gives the Q matrix. Note that this card
has only the diagonal terms of the matrix in columns 1-12 and 13-24. See
[Ref. 2] for matrices with non-diagonal terms.

The last card is for the R matrix and also has diagonal entries in
columns 1-12 and 13-24. Again refer to [Ref. 2] if non-diagonal terms
exist.

This supplement will be effective until the OPTSYS program is
re-coded 1in WATFIV language. Its usage should greatly impro#e the
efficienty and morale of those using the OPTSYS program on file at NPS

Computer Center.
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000011000000100309

- 70 2 20
3 -0.015 0.004 0.0 -0.0322 0.0 -0.015
0.004
-9.074 -0.80¢ 0.824 0.0 .0 -0.074
-0.806
-0.749 ~-1.07 EO1 -1.344 .0 0 -0.749
-1.07 &0
.0 .0 1.0 .0 0 .0
.0
.0 -0.1 .0 0.082¢4 .0 .0
.0 -
‘ .0 .0 .0 .0 ~0.413
.0
.0 .0 .0 .0 .0 .0
~0.853
.0 .0 1.0 .0 .0 .0
.0 .0 .0 .0 .0 1.0
.0 .0
.0 .0 .0 .0 .0 .0
.0 .0 .0 .0 0.413 .0
.0 0.853
1.105 1.105
0.15 0.05
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DO 62 I * 1,38
DO 62 J = 1,M0
FBGE(1.J) =8, po
62 28 2 I‘J' 1'530 ( eI K1 cPRO (K, 3)
] = .
x?{xészL .20. 83 18" 438 (
CALICSRRRD (hu, uu, nE, 5, 3%, 6 *(5(1T,1PD13.6}}*)
axzrz*5,1s16l o R RH, 505N, 8, '
' 9312 gor9g 2 I;;'RH 1
= T
a51f3’6.1528 { f i),§=1 1R)
9320 WRITE (61018
1078 FOIMAT(IOF (*PILTER STEADY STATE SAINS......’,//)
63 LRIZE (6 701§?" FBSE (I,J),J =1,%0)
P w Fl =,
1019 ronnléé‘ O3 {heskd L8
i arbae aodar K AkTRIE.
C JPEN LJOP U~INV SAVED IN WEDEMI
IF(IY _NE. 1) GO =0 9330
GALL WGDE(WNORMI,PBGE,AR,%H,NH, NO,3)
9330 CONTINDE

[
g RESET FLAG ARD F MATRIX POR ITZRATIVE DESTABILIZATION CASE

IF(IDSTIB «.BEQ. @) GO TO 9338
Do 9335 II1,NS
DY 9335 J=1%

9315 ga(g,ap x BK(I.J)-Dsroas(r,J)

K)'ﬁO(K,Jl

i‘o- HE CLOSED LOOP FILTER DINANICS =AT21X IS..°,//)
pRNE 1S NSg 5y R 4. TS (1K, 1ROV EN) Y
IF(IR .LT &o %o 4500
Crennenn uu(urnrnu SCRRENAFE N0 S DA NYY
. N5, NS, PRO,LOW IHIGH, ou
CALL ORTHES (N3, NS, Lou,‘nx,n 2R3 D2
CALL ORTEAN ns LOS S THISH n
CALL_HGRZ(N Toi s ho okPgys IERR)
IP(TzRE NP ) ERExfr vé Pﬁo &1
CALL EALBAK (NS, NS LOY , IHI3A s 5wy
cr1.nenu;-nr’uraanaossa‘tnt‘ ou-.ﬁrobuai-
WRITE (6,9121)

¢
i g SORMALIZE AND PRINT SUBOPT. ®STIMAIOR ZIZ®NSYSTEM
| INRITE=S
WCALL cno=n(ca CI,GY,NS,1dRITE NSQ,DDD, D1, D2, 50K, ¥N0FI, HO, AN,

: "o 9u16 fhe,us
. xr{ LT o @) 50TO 9410
¥ 9420 gonrn.(////, PHOGRAN TERMINATING OOE TO UNSTAILE FILTER')
4 STUR
: 94 10 CONTINGE
i 60 TO 9501
2500 Irelg. £Q.0) GO TO 389
9501 D0 651 = 1,00
20 65 J = 1.8H
PRD (2, 3) = 8. co
0O 65°K = 1,%0
65 PPI(T,J) = PRO(I,J)¢RC(L,X)“PBSE (I, K}
D0 6h'I = 1,1H
DO 66 J = 1,3H
cQ(I.J = Q.0
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no

= 1,40
= cb(I,1) ~-rB6 2 (L, K} ~PRO (K,J)

c I
c343s b
BE RAS JSTATE am0 CowTaOL 2ES PONSES

I8=IR

GOTO 9360 9360,9380,9380), IR

DO 9705 I=%,ns

Do 9705 J-1.xc

I(t JB-O o

X °3 20t ) e I,K)*Q(X, N

=X +* 5
§345* -1!- x.meal

B¢ 2710 Ja1.8§

sy =0.0

DO 9711 K=1,NG

sua-son-zéx.xyecAn J,K)

PRI (T,J) = urocqi

PRO {J .Y} =PRO (T,

CQ{1,J) =sun

€3 1) a5un

wat(f,3)=3m (1,2

21 {3,1)=58J 1

CALL AIkv(N32'E 1,us 90D 02}
sak%Fsgo¥sdgf,sn, 1,CR, & ﬁs,.n W21,2R,CI,PFO,3N)
ronnné('o' /742%, VTHE COVARIANCE OF THE ESTINATION ERROR',//)
CALL ansauﬁdnﬁ,nk NH,5,GX,08,% (S (VI,18D13.6)} ')
VRITE (6, 1310)

POR RA §‘°' /.2, RS VALUES OF THE £5TINATION ERAORY,/)
po 9115 Isi,an ’

X(r,I) = DSSRTIG 4:

Hi:fzés.1szdl ‘ bar,am

POREAT (151X, 10D 5

1r 413.-0.0; G0

po 9730 i=1,NC

DO 9720 J=1,N5

SUx=0.0

DO 9725 K=1,NS

sunesUReFBGe (I, K) OGN (K, J)

X (X J) =508

DO 9730 I=i,N5

5O 9730 J=1,NS

SuUN=0.0

Ir (we.z9.0) 50 0 9730

50 9735 R=1,XC

SUs*SUNLG (1 RICX (K, J

BRO (T J) = }‘ JE

L Scov Ils E hl‘ 4SUP .U, NS,GN, W21, CR,CT,PRO, BA)
1r"f3¢:.20-0) to fo

DO 9755 I=1,KC

DO 9755 Je1,NS

u2|4! 1) =0.

v 153) b I J) +#B3C (I,X) “BA{J, K}

=3 . * > re - .

0o 4360 -1,45

DO 9760 J-1,xs

504=0.0

IE" (nE.29.0) 6o 10 9760

pe 9761 n-1,uc

SU=3UReG (I K)YTU21(K,J)

FRIT Iy 2ok

D0 9782 1=t,ns

DO 9762 JwI NS

PRI (I ,J) xPRa(I,J) +CC(I,J)*PRO(JI, 1)

PRO {J ;1) arRO{1,J

caLtL fcov {M345C ¥ 1. CYR,CH T, NS, SC, 311, CVR, VL, PR, CT)
bo 9770 z=1,x%

DO 9770 JeI, NS

GE(I,J -ciii.a -BA(I,J)-BA{J, 1} *GN (I T}

Gnld 1) =ci I,

GOro 5180

CALL SCOY (NS,SC,¥v1,CwR,T4I,KS,SC,d11,CVa,C¥1,2Q,50)




9780 IF ;!C.EQ.O) GO TO 202
: o 196 1 = 1,88
DO 136 J = 1,NC
PRO (T,3) = a.no
no 19V k = 3
191 3BT ) = ?50( ,J) *G A (I, K) €F53C (I, K}
190 cciTIfin®
DG 23390 T = 1,NC
’ DO 2390 J = 1, kC
sC(I, N = o.bo
20 251 x =

SC(T et +®3GC (I, K} * PRO(K,J)
4?1%& (L,J) (I, (K,
IF(IREC -EQ. O) GO T0 9791

G20
9791 WKL T2 16 220)
220 FPORBAT( OY s/, 2X *THE COVARIANCE OF THZ ESTI®ATE..',//)
cALL rAPRNEufi, mh a8, 5,c8,8," (5(1X,18D7326)) )
(I2.6T.2) sofo 603
4 =" 7,84
28 gvaa . éﬁ?g J) *GA(I,J)
bd e
502 codTinbe ‘
512246‘210)
210 FoRAAT(i0Y 7/ 2X *THE STATE COVARIANCZ WATRIZX..',//)
CALL Rxpnwg(aﬁ ak B3,_5.cQ,¢,7 (5 (1X, 16D13.6)) *)
iE (G20, 0] 8 36 282
22 ;gxggé(;o¥,4vﬁéx,'ruz CONTROL COVARIANCES,//)
K =
230 WRITE(6,231) (SC(X,J) ,J=1,HC)
231 roanlg(ipsnxu.sy
325 go(%:x)z ;n§6§§1c0(1 )
=
18 5&c.:o.ol GO 10 251
pc 250 I =1,8C
250 SC{I rg = HSGRT(SC(I,I))
351 WA té{ 13621 _ )
262 FORMIT('OY, 1K, " STATE RAS RESPONSE',2)K,'CONTPOL RIS RESTONSE',
g 2¥°Lz'ée¥5 RITE (6 272 co (1,I),5C(I, )
I .LE. .
roaﬂnr(' ' 15.7, $£4%433L.§
IF Jx.ur.né) rITE 15, 51 co(z I)
270 CONTING®
c 389 IP(ITP3 .rQ. 0) GO TO 440
C PORA TONFENSATOR FROS NEAS TO INPUT AND CONPOTE I7
Do a4y I=1,N5
DO 210 J=1)¥N§
sun=0.00
408 Kut
405 sun-suno'wfzif .HO(K J)
.10 cogz g"%"CLJ
9240 von-14 'o-,// 2X,'CCHPENSATOR TRANSFER FPUNCTIONS...')

13 pos 0
.CALL TIPS

N5 ,N50,C NQ, PBGE, 27,82 LC=, 12280, 9, 88,CC,C7
Seipecaty R IR T T '
wag covTINGE '

WP,CaL,S Jci 2bs, o1, 02,00

C
€ COMFUTZ PSD FUNCTIONS OF THZ CONTROLLED SYSTEZA
- xr x?sn .-o. o) GO TO 850
A Q. HY _®O0,HO_PPRPGE
ClLL PSDCAL(‘ XS RPE XY _RNC,GW ,CY_F845C.5§
vGam,ACL, =2, a8, wE, b, b2 3zr 358, 5k, 3b,c8.v° LEesD, ivan)
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TaCOC+DL D
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F2(D2C-27D) /T

RETURN

END
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.! C D o P
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Ssevoans an
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WRITE
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NUs KDL
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IVIDE COLUZN BY MINOUS PIVOT (VALOE OF PIVOT ELEMENT IS
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45 ) 48,46,48

ub6
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S0
55

nnn anna
el satar=t 1=dg]
wORO Q~2M0ﬂum
(= Wy
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DELLIR 1.4
e e "I FUNN )

O RHHH DA T D
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[alainl
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: M 7078418
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FRODUCT OF PIVOTS
D=0* HIGA
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oo MO0/

noan ann

FINAL ROV AND COLUNN INT ERCHANGE
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g 100 K= 1 v
I 1 : 150,150,105
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105
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108 JO= W -
Jie ¥ 1-'

0 1\ J=1, R
JEKeJQed
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KInKI+N
HOLD=A xn
ﬂhI

no ABHHEER

150 K=0
RETURS
END
SUBEQUTT
REIL;B v
DEALUB A
100 DO 50 I

J)-
50 Déxsg)-x§x J)'ULI(I II)*QUII, O
otﬁz J-1
R4t e

8A£§JL S(I J]OX(I JJ) *HRI(J,,JJ)

TF‘(VLZ(Ij) 12, 11,10
VR2{J|‘ 20 21,20

B--..CVL2

Cupa®® 2+VL {&)G’ZOVL2(J)!32

Riarcsp

=

K VR2 (J) 3C+Y tht 'B;/D
VR2 {J)"BevL2{I}*C)/D

KH--l“B/

I1=T+1

Nt WA
QEOW N

J\;J01

X([,d) *
X I'J‘l =
{rl,J) =
x 11 J\)-

IHOI‘

"=

21

m»o

22
kkﬁ%h-lz
,}{\{‘ () =K20g (Te 1. 1)
o Jy =K o(: J)qu

22 LE.NR) GO TO 14
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LONG LN

3
32
12

.LE.¥R) GO TO 15

LE.VLL G0 TO 13
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40 oY “3)12'3'§LJ) + GL(I,II)¥X(1I,J)
84743 14 4%’ ! ‘

DO &% Js1/H
X(I,J)=0.
a1 14 ‘3 “%7{-3{.0(, JJ) *uR (3, IJ)
=
a2 LGsthos & ’ ’
fesons
cUBROUTINE MODE (WNORM,G,GNO RN, NS, ¥1,82,ICT¥)
oRM ;RAH%POR!ATIOI NATRIX U OR U-INV

. OF STAT
NO. OF INPOUTS OR OUTPOTS
ON CONTROL PLAG TO INDICATE WHICH TRANSPO waTYION

=
=1
(=1~}
e
[ ol ad
(1]
>
E
»

Pl FEIROITOCO

FIGENVECTD R HATRIX
MENT EYGENVY ECTOR HMATRIX

NNANAANAANNTON

™o

oY
- MNE LN -
wify
2]
> »EIOC
NO AP
3wt

RERDES DI

3m 3 I 300 30 P Bw 30 L
. xm

DOORERNO0
CONEBOOS0O
ol bndale |
Q0000000 MX
2 23 50 20
NN SN
SN
- o oa w0
* NS D

oo o
MOAMALA
e L]
A«

Om =

v
(-4
(5111~
°=0
a 0] 1) b b >d e DI UL

[s]~]

253,259, 75, 250,250) ,LPOINT

-~
v
-t ol
ave YENETN S aAN
D s LN ORI
U= IR et

0000
OXOOCOEROD

oL
-2
[N
e
o
fard
ke
ae
- £
-

ur=

ORY (I,K)%G (K,J
63|fIﬁOkNT( !

roeOnoood
mOnOZ
—y -

"
F.wbm(ammnu,m.a-nan

- - b -
W Naed O

o oSwn O

oo mx

160
250 DO
™
260 GRIRA (I ) rm(r,J ¢ S (I KLPUNORT (K,

Go ro(é§e| 261,2215232[261,565,56u|,IP i
261 WHLTE( 40

30 10
262 URLTE (6,6580)

319 o 275 f=i N

27 UFXT!‘E,&DbU)(GHORH(!,J],J-1,ES)
RETUR
F.ND
Sup

AOUTISE CNOZE(WZ,dY,VES, NS, [WPITE, N3Q,ND .
TS N S ey : +¥%Q4 R0, DY, D2, ¥NORE, MNOR AL,

¥Z (1) RPAL PART OF 1-7TH EIGENVALUE

nn
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FORN

ZIGENVECTORS

IGAT ETYGEINVECTORS STORED
T
NY

gRI
TATES
TO CONTROL PORMATS FOR DIFFERENT EIGHENSYSTEMS

Qr
1A
cou
v
0

ungggxqor RIGHAT ZIGENVECTORS STCRED IN REAL

COMPLEX PART OF I-TH EIGENVALOE

M
NO.
FLAS

o

B

WT(I)

vEC

L1

IWRITE

WNORNE

WNORNI
HSQ,DDD,D1,D

N~ oo WGIWIRE RS
zH [LASIAIST
W N a1 Bl
Vie NN MIQLIC <« &
E -

O~ bk OB rE bl o b4
EON NV e JGIX a0
f g+ . o DGRl B16d

BN AN LLIEELI
X el F L GFTFT
‘UEILIRI 9
e ema TATOE.0.0
UZEA waLLELH "BTB
H™ . B oMHOHOUE
Gl NINEHDRRWALANON
Wl N Do mal
—d g PO VT e B B e
IO wd T (A =l~]1=]-]
| Uaf EwbldnduoaCo00
OEWVIT O~ QUOCOHQO-I=1~d

soet 353333"3caaa

1w NNO o MIWININY
2P . NHSOOQBTERVINGN
oy MMMBORMQOOO
EaZ MNLEANVNNHG- IS
DO » = MOSOOXKOLLUD
oULUZn M\t drde s s s
A ST OULUU s s e
O3~ Te s e ev e e noma
Wl HENPF o b v s OOO0ODOD
Rr. M WONecconssenasse
= R HOOIOO NN
TFOOHEH---//////
el T g, | et g et s e g e
CGSHHFIT-&TTTTTTTTT
B ) 00l o o A o ok
At o ERFENEaNRaN
0, - 53 G K O 05 O O 0 Y 2 0 O

ZIGENYECTORS BY LARGEST ELERENT

(usx.-('.rlo,1,')ou(-,r1o.1.'|')

L4 = COO0NOO0LOOI~D

b lil=] £ Mol fag baufag badha b o Baliem
L d -

-#

[

GO ro 399

as
GOTO 99
X)) .LT.1.D=10)
L2
[ 4

e
HL(
0
ﬁ
D

[ el ) i
[ Hed¥] OICDC
wane wo
FRTLE TR -1 ]
Lo oMY
[ololo o b A ) 1 Johag |
TNy >~ A O
LGYC mhUEQ E
PP I AT T L I 1O ]

KN m @ EFDIN
IR 43 - N

EL s s g 1™

o 13
Ercacr-lic<
=0

THE TOTAL LINGTR

P(DABS(HY(*)).G!.1.D-|O) 20T0 1002

DO 1600 F=v NS

-
Y
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998 L

Ex LR+
REN
Do
REY
R

D=, 000

Bgsgné ﬁ B.'z.niuon
3§: !;§¥§§"°°

¥OE

3 co 1520,530,540,545,550) ,TURITE
.3 520 SRITE (4:5950)

G
$30 WRITE (6,9040)
GO0 10
sS40 HRI'!(G 905 0)
GO go
545 wa:rt(s 60)
580

L
[s]
g
10
#3)
DO_99
VEC
NO R
ONT
ONT

R

W
5 C
e c

Q D HHII

G0_TO0
$5Q0 WRITE (6, 9070)
560 KK=0
NPRTV=0
NFNFU =1
bo 68 =1,
EQ. TO 567
c i nnss« v(x ) .GT. 1.D0-10) KE=1
g PRINT JUT KO NCRE THAN 6 VORDS, NOT SEPARATING COHPLEX EIGVAL
GPRTW .LT. 5 .OF. (NPRI¥ .ZQ. 5 .AYD. KK .EQ. 0)) GO TO 561
NFATWS 1) "= pIcH?
ua: L, FAT) (STORE (J) ,J=1, NPRTW)
nrnru-1
S61 NPRTU=NPRIW+)
NFPATE=KFAT U oY
1r5xx .E0. 1) GO TO 562
ST ktélPﬁTH) = WZ(YI)
PAT (NFATW) = PIEL
NFATH = NPATRe
rnrjurnrg) = SENCOL
562 “TDP'}IPRTH) = UZAI)
11u|
rnri THe 1) - conna
STIAL srnru.|; = 1151)
FAT (NPATHe2) = PIPL
FAL {NFATN+ 3] = ssncou
NFHZY = NPT
NPRZY = NPRTW & 1
co 10 S68
567 KK=Q
568 CONTINGY
FAT (NF%TU) =SEAEND
FuT [NFRTWe 1 = RIGHT
WRITE (6,P%T) (STOREZ (J),J=1, UPHTW)
WRITE(6,9080)
¢ CALL RAFRNT (NS, ¥5,95,6,UNIRN, 4, * (6(1X,1PD13.6})")
CALL BPAPRNT (NS NS _NS,0,WNJRR, 4, ' (6 19&12.61)'
Go To (518 70,570, 5%5 515',ia61 z
$70 cALL mODE(Lmona,no,c%, k5,81 K2, 5)
GO TO 578
$75 “ALL RODE(WNORE,HO,CE NS, N1,N2 &
578 ¢& TO (580,590.600,6%0,520f,1kRrY e
580 dr1zE(s 3996)
G0 TO 63
590 UPIZE (6,9100)
GO b
600 WRITE (6,9110)
GO_T0
610 WRITE (6,9120)
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GO TO 630
§20 SEITE (6,9130)
C SAVE D-INV OPEE LooP Yy wHORSI
230 IF(IGRIT® .cr. 1) G0 TO 1035
. DO 510 I=1
BC 510 J=1
510 ROERL(L L TNoRA 81 %
ciLr mrxb s P nf, s p2D D1, 02)
CALL RAPR NS, N5, 6 uaa& (61X, 1PD13.6)) '}
RETURN
1005 CMLL AIK¥(xs 3 VNORH ,DDD D1
CALL RABRIT RS NS N& G 2R0a0 4D '(6(1[ 1P013.6)) ")
SETURN
C SUBROUTIKE Mol NSQA, L) R B, BH «CM,IFDFW,D, BE,CC,CP
; . BVEEVI PR B qér s s b 'nbo EPS, 127, iTfY)’ ¢
%55%5%%3!‘%% bé(‘iﬁ'h-ut BM(N, M) ,C(L D(L,N
L4 ’
e BE(N) CCf 6?1 LeE ‘) E‘i(wp, R(u),pi( é L).jci(hf,
» BES( 3 { g L
¢ save compuTaTfco ¥D CL SYS VITH RODAL WORK DONE IX CPTSTS
TF(ITPX LEQ. 1
é: {’§3Lt§ N 5 ﬁou c,?R,PI,D1,02,JCF,5C)
¢ conpPUTE noDAL siTRECES foﬁ b GpoRePro0t 02, 9CK,
$°D0 10 Izt N
10 Rg(}oJJ'1'§C(I J)
=
1 4
15 po z6 lst,L
g°(§°JJ'1'5 20
5 ="0.
20 32(§6 k-1.gﬂ c(r (n J)
2 = *
ciLL’a nV(usé XA,I DD 6
DO 30 I=1,¥
e 30 Jw1°8
SRl o) - b.po
30 By foJ "R, AN (I, K}V B (K, J)
BY = + T K
39 Eeditibemon N ’ ’
pC 10Q Ist,
po 100 J!!,L
IP(ITE CNED 3y
:CALLE§§ROS(I IPDPW, N, %%, 0 ,AA,",8,L,C,D,BB,CC,CP, EVE, EVI, DY, D2,
IF(1TF ) we. 2) CALL RESTD(L,J.N,JCP,M,BA,L,CN,PR,PI,REC,BB,CC,1)
100 CONIINUE
g'!._fll;unl
SUBROGUTINE CHMECK (ZP5, NC, N3, NO)
DOUELE PRECISION EPS
CIIRON /FMGGY TOL,INQ IQ Ik (1S5 LA ITP1,ITP2,1TP3, IFDFW,IE, [2STAB
© 1DEBUG, ISET, i REG, IPSD 1 honk
¢ SET mopAL ASALYSIS wHEN'OL zf.z §zs OR JL TF REQUESTED
IPIIN . Sg 1 LimD. foL LEE U} Ioin)
IF(10L - Pd. 3 .0R. ITF1 .BE. b} I8=1
C CHECF 10 SEZ IP H MATPIX INPOT
F(KO .NE. 0 .OR. IOL .GZ. 2) GO T9 25
T2 (6,5000)
9000 PORAAT(7/' W - MATRIX JUST SE INPUT, [.E. NOB _4T. 01)

S
2% CONTINUE
TRANSPER PUNCTION CHECKS

IF(I® .E L IE=6
EPS=10.2 )

x'r1’.58. 0 .OR, NC .KZ . 0) GO T3 €0

0
S000 PORHA‘_A//‘ kﬁPUT G) NATEIX PMUST EBE REQUESTED(I.E. NC .NE. O) ',
CONPOTE OFZN L20P T. F. ')
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n
W
oo

250
9400

278
9500

300

Lxl
-+
»
-
”

o
[ lelalell;]
3

TO

M
0 F A W

3

[+1] 100

AND. (NC .HE. O .AND. KG .KZ, 0)) GO TO 100
Lk

Ux

TOR AND PILTEE SYNIHESIS %0ST BE REQUESTED IN ¢
CONPUTT COMPENSATOR T. F.'})

d

EQ. 0) GO 10 150
§°.Aun. NC .8E. J) GO TO 150

ki E r. F. CALCOLATED ONLY WHEN BEGULATOR DESIGNED '
lHHl INPUT. I. 2. KG .NE. 0°)

N o
1N

W OPTION DESIGNED POR A REGULATOR OR *,
SIMULFANEOUSLY ')

INP

STE 3) GO ro, 250
. % ncol:) co TO 250

i
b b ]
s

LU."' INCONSISTENT PSD INPOT FLAGS demennasyy
EG .E . 0 .AND, NC .NE2. O) GO TJ 300

‘ Q.ull'-BO”H A APSOLATOR AND PTLTZP MUST BE PEISIDENT ¢,
RPUTE THE PSD OF A ZONTROLLED SYSTEMNY?Y)

8-@&1H°’0M1
2 L e QO S

ﬂuczmc
EWO-®E
Q
"

AM, B,B,L,G,BVR,ECL,DY,D2, JCF,S5C)
{.B(Nvﬂ).C(L.II.E?R(').E‘I(ﬂ)oﬂ‘(N),DZ(N\-
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o asutaGn wcwmwcnuH
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Gt tea MY cdeJdeaﬂﬂHHHH Q HTUH ESGEWeH W IHEETEY BT
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kS
BL LM NNNE 2E
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bt d

L N

I K T 1Y
Ve e 1 VB st DIR

nnn
e
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e
am

fo
XGH

gbAL.-ﬁa Ev,.; 1ZRR)
1GH, D1, 4, 5C)

™

Tr DENONINALOR EIGENVALUES:)

N AN

R IVI(
i bes! 6.uunoJ(,r13 6, TH) )

TR RO AN

-
-

mODODX Ny
{4 - B

L. N PN R 2 o Te kb T
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- IR T ]
WM v W

e W e YIWZO

-
(o]
P

UEZ TR HCR2, CALCULATINZ POLES®)

ity
'zn
O"l
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>
SI
-
-
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ZEROS{K1,K2,IFPDPV, N ¥R, A, AA,%,B,L,C,D,5B,CC,CP,EVP EVI
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101

QT I 3D
Bom mlttm - & BT
2 M GG

[T TN e N ]

"I’ NOZOLM N OO ND
10 wortgmim v MmO

[- T Y P
=um: L}

:l»i naurpu--lzuunman-HH -t

3
5
619 iln AA,CC,CP)

ABS () - 7% 355) Go'T0 &

S
L
3 ﬁn
s
1
102 PCR
g JJ-I—

F]
1063 PO uA / ZOHqu!R OF NOMERATOR =,[3,9X,8HTF GAIN=,F13.6)

é AR, 3B ,CC,H)
cr:snanungunuun1 u&u ‘
CALL BALANC (NE, N, AA LOW IHIGH,D]
CALL oa.uvs un, infcu, an;p
CALL HQR (NR 1ot Ih*an An,:vh EVI,IERR)
IF(IERR .NE. 6L ¢b r0 Y0
cr:nnrnrhrnaa-nroro-
WRLTY (6, 104)
104 ron;?rf/,sx.svununrpnrop EIGINVALUES (INCLUDING EXTRANFOOS ZERO ¥

//,J& 2ouuo FINITE ZEROS. TIF GATN=,F13.6)

i=1
6 iPIT'éﬁ,‘OS) LVR} L EVIAD)
S (745, (" B, eJ(, 13,6, ")
g SETURN
9
0

9000
FO (‘ PAILURI IN HQOR CALCULATING TRANSPER FUNCTICHN ZEROQES')

(=l d=]

1
1
1
30

POUTTNE ACORP(N,N¥,A,B,2,H)
b, G, H
susroﬁli(ﬁn,n;,aqn),:(ut

[o ]
C mee

CaMNDE
Y=L ]
Py P T+ 1]

| ol

SE CCOXP(¥,N®,A,C,2C)
€,Cc
b hpen,m,cy, ey

-
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ZONA

N
]
g)oC(J)'l(J.I)
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Y Lol ad Sl D Bl ST ke
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1 SCL=SCL+C(I)¢B(T
oy cueam

32 ¥,0C0F,8,38,L,08%,7R,PI,RES,BY,CC,IPT)
I,B;,:!(L,!),PB(!),?I(I).BES(H),SB(K),CC(!),
R

B

B a RZ/QHE!P}Iati/
CS/BH®COS (R 1/

-

/84 /
uT8&/, BLANK/BR
ILL JCP 1S CALTULATED

-
A

Da
C TEHPOR
bo

I=
5 JCP(IL’O'
c TEHPOR%B 10D

IF(I?T (10, 1) aaxrz‘6,9oaah
9000 FOaMAT(//, 3X.YBESIDU®S AT THE POLES:'/,~16,'2 O L 2 SY,T41,
° R 28I U R SY,s,T9, 'REAL(A) ', 726, Exhc ()
gg ;o I=gi'1 K1)
=
c 0 2eta) ="chidd Iy
g LQCP THROUGH THE POLES
1=0
100 I=Is+1
IP(I_.GT. N) GO TO 500
iF JCFéIL . 50. 1{ Gd 10 332
IF(DAB ; :(xh .LT. 1.D-13) GO 10 203
C COEPUTE SINPLE COMPLEX POLT RE3 IDUES AND PRINT SOTH
RES (I) = cc,x ®3p (1) & CC(I+1}PBB (I
RES (I1+1) =CC 5 ®Bb Ten) o STrenseR
IF(IPT .EQ. GO T0 Y10
PRT (1) = ELANK
ggr %(I; R%Q 0.D00y PERT(2) BLANK
.EQ. 0. = BLA
pné 3; = CS {
PRT {3} = ED
:n;.ﬁ(e.sozo) PR(I)PI(I),RES (I}, (PRI (J) ., J=1,0)
35?13%25502o, PR(T) ,PI(I},RES (I}, (PRE(J) ,J=1
Ao . =1,4
‘ FELATI LPI(I),R2ES(I), (BRI (I), )
110 I a1 +
GO TO 110
200 CONTINUE
C "COMPUTE SIMPLE PEAL POLE RESIDUS
nss;r& x CC(I;'EB(!L
xv* eT_-EQ. 0) co T 100
BEP (1) = R
. P#T |2)= W2
e FRT (3)~ BLANK
PHRT Ji)= SLANK
ggx;g(?bgozua PR(I),PI(I),BES(L), (PRT (I} ,J=1,4)
¢ 3%%02 Quznb TO DETERNIKE SIZE 7F THE JORDAN BLOCK
=
3 KTsh-1
?g 35313'1’§T 0) 60 TO 327
310 Ktéo! } -9
320 CONTINUE
zr401555p14xb| .LT. 1.2-1)j 5O To 103
' ccn:ulz RYFEATED CORPLEX POLZ AND PRINT OUT ALL POQUR
t 4
RES{I)2CCIVTER(IVeCT (Xe 13 Y BRI+ 1) 4CT (Yo 2)~BA(Ye2) ¢CC(I+1)5R (I
xnzsi%;ll-éftxn-éatlbt\-c:(x~1)-55(1)oé:(xtzy’ 5(113|-éC(113;-(x 3
L ]
RES !oi -ccix -aailoa *ZC 101;-53 [+2
EPS (Ie3) =sCC(I)*Ba(IeI}~CC(T e1)rRBB(1+2
b xr{ PT .E3. 0] 30 10 4d
PF 1¥-n1
r pn:iz R 2

.
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ATy

: 1349155(pa(: ) -GT. 1.D-10) GO TO 33)
. BR sl = BLAN
R PR} ; = ELANK
o 330 PRT (3)=cCsS
t EHL2E/(6-9020) PR(I).PI(I),RES(T), JPE (3) L= 1,4)
- ’ LA [ =
X 3020 O3 ALY },u.l -,515.6.”01 '.§1S-é.~»-,Li,~ t,pP13.6," .313 n15
i 9030 FORRAT /igf" YIP13I6, )+ F1306,Y) TLuX, {7136,
4 PR (3)=5¥
3 WEL TR (6,9020) PRI) ,EI(L),&ES (L), (BT (J),9=1,8)
i Y eta (s}, » s =1y
3 PRT (1) =%}
: TE(Oh ;%3,(1,, LT. 1.D0-10) P3T (2} =BLANK
4 -LT. «b- T =
e
=l &
SRITE (6,9930) PR (T), PI(I), R®S(I),PRY (V) ,K, (PRT(J) ,J=2,4
gsft%f'g. ) (I) (I}, (1) YK ( )
2]+
WRTTE (6,9030] PR (I), PI(I), RES{I)},BRT (V) K, (PRT(J),J=2,4)
co 10 100
360 Y a I ¢+ 3
GO TO_100
& COMPOTE aSPEATED REAL POLE SESIDUE AND PRINT OUT ALL K OF THER
400 CONTINUE
KT=Iek=1
Eg uzo J=I,KT
azsta -~zno
DO 41b JJ=J
410 RKES J{-PES(S)*EB(JJ) CC{JJ- NHe1)
420 CONTIKGE
IP(IPT .EQ. 0) GO TO &0
NiN=Q
PRT (1) =T%
PRY (2] =R2
PR? {3} =BLANK
PRE (4] =BLANK
20 43 J=I , KT
WRIZE (6,9030) PR(J),PY(J),BES(J),PRT (1), N, (PRT(JII), JJ=2,4)
430 NK=WN«+1
GO 10 100
a0 [ = KT
GO TO Q0
S00 CONTINUE
RETURN
END
c
g - ———— . A e m mm - ————— - - W A E - ————— =
c SUBROUTINE BALANC (%M, N,A,LOW,IGH,SCALE)
INT®GER Y JJ, NN, IGH LOW, IZXC
ATALCE ﬁr vg §cih‘
REALnE .u, ,;,32, A Ix
REAL®E

LOJICAL Noc
DAT A °Ab1:/1u210000000000330/

C
B2 = RADIX ® KADIX
K= 13
L= N
GO TO 130
[=4 222%esz::: IN-LIKE PPOCZDURE YOR PDOM AND
[« COLUOAN EYCHANGE ::::i:z:tzi:
20 SCALE (4} = J
c IF (J .2G. M GO To 50
bo 10 - 1
PeanLd
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31,.: = A(I,B)
Al{I R} = ¢
30 costiwbe

(4
DO 40 I =K, N
F=a@,t
A(d, I} = A (2, 1)
AN, I} =
o b0 cant 1.1
50 GO TO (80.130&. 12XC
[ $itrgiriss STAACH POR aOiS ISDLATIHG AN EIGEXKVALUE
C AXD PUSH TRER Triizizoz:
80 {r (% .E?. 1) GO TO 280
[ stiiziszz: FOR J=L STEP —~Y UNTIL ¥ D) == t3::z:i2s3t:
100 DO 12033 = 1, L
c J=Le¢ 1 ~-3
dO 110 = %,
Ir I .E . J‘ GO TO 110
Ir E. 0.0D3) GO TO 120
110 CCNTIN 2
Cc
=
12%C = 1
v g GO TO 20
A c 120 CONTINGE
2 GO TO 140
c iiztsirez: SEARCH POR COLURNS ISOLATING AN EIGENVALUE
c AND PUSH THER LEPT ::z::zi:z:
c 130 K= K + 1
c 180 DO V70 J = K, L
ro 1501 = K, L
I¥ (I .EQ. Jh GO0 TO 150
IF (A(L, E. 0.0D3) GO TO 170
c 150 CONTINUE
e =K
IEXC = 2
G0 TO 20
170 CONTINUE
C szt NOW BALANCE THE SUBARTRIX IN ROWS X 70 L :::z:z:::2:
DO 180 I = K, L
180 SCALE() = 1.0D0
[« $iis:i2iss ITEEATIVE LOOP POR NORK REDUCTION ::::::2:3:::
c 190 NOCCNY = _FALSE.
DO 270 @ = K. L
c = 0.0p0
c F = C.0LCO
DO 200 J = K, L
IF (J .:8. Iy 60 TO 200
C = C ¢ AbS AJ,I‘
R = R & DABS{A(I,J
200 CONTINOE
C Tzl GUARD AGAINST LTROC OR R DUE TO UNCERFLOW :::s:;z:zcozs
IF (C .BQ. 0.CD0 .OR. R .Z22. 0.2D)) GO TO 27
. G = B /7 SADIX
B F = 1.000
3 € w C ¢ R
210 1?7 (€ .GE. G; G0 TO 220
F = F & n)DL
C »C ¥ B2
R GO TO 210
i 220 s = F ¥ ZADIX
230 Ir (€ .L%. G& GO To 2ad
F=pF /7 ol

80




e Blisace s P T 2,
) B 3 R o,

ey
PV

280 $°5) 30 TO 270

Qo Of MeD

250 AT,

260 A(J,IY
270 CONTINDE

IF (NOCOAVY GO TO 190
280 LQ¥ = X

BROUTINE ORTHES (XX, N,LOW, IGH,A, 32T
TEGER I N, IT,J7,LA,8P,YN, IGH kP 1,LOR
Aleg ) ﬁn g 6sr chy
L-e E,
18 of Qﬁ..onas DS1GN
|
+ 1
KF1) GO TO 200
P1, LA
bDDO
AL;IgOLUHl (ALGOL TOL THEN NOT NFEDED) ::c:zitzrs:
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e
C
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160
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<00
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C
4
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60
C
a0
c
c
100
[
C
110
<
ya ‘¢ o3 ¢
T ¢
B 120
1 c
1 130
: C
: 1ud
H [
A 200
& i : i c
.lf‘; .~'; c
- _1 3*'
S aE
1 e
*1{47 .
%
...‘}x
Y
i -
T .e' .
7T -
PR .4

tiri:szzst POSY (L= (UCOT)/7H) AP (I~(UMUT), H) zizz:iicss:
LIETY A 1,‘ i 7R (-t i
F = 0.0D0
$2::223:2: FOR OG=sIGH STEP -1 UNTIL 8 DQ ~~- :1z::siszs:
DO 180 JJ = M, ISH
J = AP - J§
P = F +« ORT(J} - A (I,Jd)
CUNTINUE
r=r /4
DO 150 J = %, IG
A(I,J) = A(X,J) - F % ORT(J)
CONTIWUE
nT(HI = SCALE ® ORT M
{ #-1) = SCALE & G
cov TTROE
RETURN
sit:st2tyr LAST CARD OF ODRTHES :z::s:z:ict:
END

SUBROOTINE GRTPAN (NM, N,LOVW, IGH, A, QRT, 2)

INTEGER T N KL, AR NN, IGH, Low, 2P

1841 A“n xtw;,oxf¢x&u):z(hh Ny’

REAL"S G

izl INIT
L

po 80 x'B 1,0

IALIZZ 4 rO TDENTITY MATRIX

z(: J) ="o. 5ua

1) = t.000
covrfnﬁ )

XL = 1GH -
IF (‘l .LT.
5 id0 am 'y,
1; -AIGM -Pﬂq
AP, AP~
1(=(59" 1 )

oy =
; QO TO 200
ﬂ?-IGH-T

STEZF -1 UNTIL LOW+1 20 --

«E0. 2.3D0) GO TO 110

CONTINUE
CONTIAUE
FL‘U!I

2%

t:! LAST CARD GF uURT BAY
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SUBROUTINE HQR2(¥A,¥,L10¥,IZH.H. R, ¥I, —.ZITRi~

INTEGER I,J.K.L.%, I,JJ.-L sE,NA L vm g
IEH.ITs, L0 u rri ERn2, IERR LA
Egkf:g g(nsku , iR u& WI “‘gl("‘ “k 2
RE) L -
aEaled DSQATS SiBstbstc - -M RN, =icHEP
SSTIGER mINO’
L{OGICAL NOTLAS
COMPLFI~ 16 2
CoupLEXT 16 DCBPLX
REALTE DREALLDIHA
R L . ss SLATEMENT PUNCTLONS ENABLY ®ymg . -u
IuAGINARY pnars oF DOUBLE PRECISION LRS- (]
DREAL(Z3) = 2 FLEL (UMBE
BI3AG {23} = (0.3DC,=1-0D9) . 23
DATA KACHER /234 100000000003 00/
IERR = 0
NOoEW = 0.0DO
K=
srrrszsiz: STORE ROOTS ISILATED BY Bl iaxg
O CORPUTE MATRIX NORE I:3:z:y:
po 50 I =1, W IR
NOgA = NORE'+ DABS (ML, J))
Se" § GE. LOW .AND. 1 .LE. IGH)
.GE. JARD. 1 . LE. FIANE
AT Hu D 0 )
1 = 0.000
coNTI NG
En = IGH
Ts= 0.000
T .2%:z:: TEARCH FOR NEIT EIGENVAL. ' Fs ..
1F (EN .if. LOW) 6O TO 340 Tiirsraze
iTs = 0
kKA = EN = 1
ENS2 4 NA - 1o pOR SINLE SAALL SUY
cirzizzisr LO RSLE > -l'\ N
50b LsFM STEP -V U'TIL L LAGUNAL ELENENT
po 80 LL = LOW, ZR Tzt
L = E& + Lod - LL
Ir (L .EQ. LOW Gg TO 120
5 = DABS (R(L-1,%-10) * DABS(H(L,Li)
1f 331&2?%(2'9521)5 1o e o
w3 - - » 9
CONTINUE ' } @0 To 100
sItITIisil FORW SHIPT ¢ fTz il
X = H(EN,EN
Ir (L ,EE. EN) GO TO 270
1= HiNA,Nl
W= H{EN NA éun E"h
1F (L =0, As
Ir {178 .Egy. 39 GO TO \ooo
ir (IT5 .NE. 1D .A¥D- 18 200 5) T0
T31c2tcszil FORM rxcvux sl MEnrFT :11.19, 070
t'a’r e 1 SRR
po 120 - = LOW, EN
L. 1) = m(na -
S = JABS (H(ZN, NAL) ¢ DABS(H (NA ENA2
1= 13, ! ‘ "
Y= I
¥ = -0.437500 € 5 %5
1T = ITS ¢ 1
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%{I,Ktll - P * 0

4 280
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700

1(I) -NE. 0.0D0) GO TO 6420
0.000) T = HACHEP 2 N
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(1) dals Lok
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AL EQUATIONS z:::: ::

P) & (WR(I) - P) = «

T S HAS S T ETAIV =~ w1(D)
.LE. DABS {Z2) GO Tz

) (-8 - W -(r) L X ©50

N) = (-S-YYT) /12

p REAL VECTOR [:ioziifz:

MPLLXY VECTOR ::sztiizzis

Y

640

S L L LI A

QAT T O e

5 >t O Vo
4

H
CONT

AN NN

VECTOR COMPONENT CHO= 7
NVECTOR RATRIX IS TEZ' .«
N .LE. DABS (H(NYL, T

N
§,zﬁ?ll P) 7 H(TM,
0

-H{NA, EN)} / 2277

TNOT I

O ™4
=T

[ E L amd

&

et LI
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NA
nita s Ak

) .5E. 0.0D0 GO TO 1"
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DR -

P TS

an

nan 0 (2]

[

an

N AN a

R = BA
S = 5)
SR X
4 =
Ip (H[I)éxb nr: 0.09)) GO TO 78
Z3 = APLX (-RA, -Sll / u.rpnx(a Q)
H(I,Na) = D EALY 3‘
231&5’ 93 DINAG (23
Tzzr3zzti: SOQLVE COMPLEX EDQUATIONS :::ziizcss
780 st
= £
!§ = =§é§; - 5£ : éagégy.- P) + WI(I) ® WI(I) - Q &
= -
IF (v . g. 0.0D0 .AND. VI ?s . 0 OD L VR = PACHEP * NORM
X L DABSA l ¢ DABS(Q) + DABS (X} { ‘ + DABS (22 )L
23 = DCHPL éxen—zz=anoossn Xis-2 z'sx—oﬁn i / DCMPLX(VE, VI)
§E I 2 SRR ()
-
IF 1DABS(X) .LE. D1BS (27) + DABS{ ‘ GO T 755
H(I*1,8A) ~ {-RA - ¥ ¢ H(Y,NA) ¢ § H 1 El
gét;é.;gL = i—sx -0 % H*:,au! - ] l;
78S Z3 = DCHPLX (=R~Y®H (I, NA S-Y*H (I,EN / DTHMPLX(ZZ
HiIe . =(nm-:n.‘{3{ Ve© ( N (2.0
Hlxo1.su = DIMAG(23
790 CONTINOE
sizzrszstt END COMPLEX VECTPOR :sszz:ic:isrt:
800 CONTINUE
ti2z2:23::: END BACK SOBSTITUTZON.
50 840 I = ‘scgons OF ISOLATED ROUTS ::::::::::3
I¥ (1 .GE. LOY .AND. I .LE. IGHI 30 TO 840
DO 820 J = I, N
220 Z(1,J3) = (I, )
840 CONMTINUE
Tizzzseies WU!TIPL! BY TRANSFORMATION MATRIX TO SIVE
VECTQRS OF ORIGIWNAL FULL NATKRIX,
POR J=N STZP ~«1 UNTIL LOW DO ~~ :13:123:::1::
DO aao 43 = Lo¥,
= ¥ ¢ owN
n = nxuo(a xcu)
DO 880 I = LOW, IGH
21 ~ 0.0D0Q
PO B60 K = LOW
860 27 = 22 + (I, h * H(K,D
é Jy = 22
880 CONTINU
GO TO 1001
f3z:iizisi: DT _ERAOR ~-- N3 CONVERGENCE TO AN
TIGENYALUE AFTER 30 ITERATIOES :t:::::::::
070 IERK = EN
0GY SETURN
Ti2:2:%3:3 LAST CARD QF HIR2 :::czis::iz
ERD
SUSROUTINE 2ZALBAK (N, N,LOW, TGH,S5CALE, 2,2)
INTEGPR I, J KA, N, 11, %R 1I5H,LO¥W
sratan sckLS(G Szinelm
RTALNE S
ir zn . o ) GO TC 200
Ir (IGH . LG¥) GO TO 123
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DO 110 I = LOW, 1GH .
. 5§ = SClL:‘.é
. M C s:2itzii:z LEPT HAND EBIGENYECTORS ARE BACK TRANSFORNED i
c IF TAE FOREGOIN; STATZNENI IS REPLACED BY
C S=1,0DO/SCALEB(L) . ::::zztzzc:
0O 100 J = 1, M
c 100 I(Xd) = 2(1.J) ¢ S
110 CONTINOE
Cc zs2i1z2tz POR I=LOW=-1 STEP -1 UNTIL 1,
c XGHH STEP 1 UNPIL ¥ DO == :z:zz:i:zizie
120 DO }50 §§ =1,
=
= IP 31 -GE., LOW .MID. I .LE. IGH) 30 TO 140 .
i b Ir (1 .LY. LOW) X Low - II M
K = sans(Ik S
c IF (K .2Q. I) GO TO 140 !
. DO 130 3 = 1, 1 .
5 = Z(I.J& :
Z(Y,Jd) = Z2(X,)) :
ZiK.J) = S ;
c 130 conTinde ‘
e 140 CONTINUE !
200 RETURM ;
C l:':li:::::::' LAST CARD OPF HALBAK ::iz:z:ays:: 4
¢ e
g - o - o= - - - - 5 T TR WP oy ke - S W 5
¢ SUBROUTINT YQR(MNH, M, LOW, IRA H, VR, WI,TERR) -:
.. INTEGER ,J, M. N “ll LT. NN, NA, %Y, I3R,ITS,LOW,IP2,ENMD,IERR
[ KEALDE H (1R E Lk o i 14
] REAL-Q o] z NORYM, "ACHEP P
REALe8 bEQLT! iﬁs Bs ici
INTEGER ming’ :
¢ LOGICAL WNITLAS !
c DATA MACHEP/Z34100000030000 00/ !
IERR = 0 '
NORM = 0.0D0
K= 1 }s
[ sita2z:t::t STORE ROOTS ISOLITED BY BALANC |
C A¥D CONPUIE AATRIX RA z:zsszszs: i
DO S50 I =1\, N !
c -
bo 1 4
2 c NOHRE = NORN ¢ DABS (H{X,J)) -
E. LOV .AND, I .LE. IGH) 50 TO 50 ’
H{1, I) )
0.0bo }
c |
C SEARCH FO.! WEXT ZIGEINVALU®S ::::::::szd i
LoW) co To 10d1 b
1 ﬁ
[ LNOK FOR SITGLE SHALL SUR-LIAGONAL :L’H'!T M
C {gc L:ill 3TEP -V CONTIL 1,0d DQ «=~ ::::zz2;:irc: !

s+ Loé - L
.2Q. LO%) Go TO 170 ¥
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22 = 8 7 S
g =Q/ P
= R / P
C s2errez233t ROW MODIFICATION ::z::3:rxzie
wo g‘o - 5{ !'Q ¢ ogKe,
= { * - & *
IF (.R0%. NOTIRS) G 6 200
P =P+ RS Héko J)
H(K+2,J) = R{K+2,8) - 2 » 22
200 gzﬁoJ{J ;(2 S;I,J ; ; [
= P -
c 210 CONTINGE
J = HINOég .onL
C TizTIIzIze UMN MODIFICATION ::2::z:zz:z:::
007230 r =L, 3
P =X ® H(I x{ « 1k HAI K+ 1)
IF (.NoT. NOTLAS) G0 TO 220
F = P ¢+ 22 & H(I,K+2)
H({I,Ke2) = H(I,Ke2) - P % R
220 g ;,g;! ;(g E{ro1 -2®Q
T = . -
e 230 conr e
c 260 CONTINOE
Go TO 70
[ad riz:z3z:z:; OWNE ROQT FOUND : ::;::;::¢
270 WR(EN}) = X + 7T
WILEN}) = 0.0D0
EN = NA
GO TO 60
C $izzizzisy TWO ROOTS POUND :s:::iissis

280 p = 5! - X) / 2.0D0
Qz = DSORT(DXSS(Ql)
IF (Q .LT. O 0D0) GO TO 322

c ssstszisiy REAL PAIR ::oz:iszcscoc:
ZZ = P » DSXGA{ZZ P)

=
"Hi = R B
42- .HE. DO) WR(EN) = X - W / 22
HI A}y = 8.
WI{EN) = 0, D
GO TO 330
C $:r:33:3:3: CONPLEX PAIR :z::s:z:ises
320 WR Nl =X + P
WR{ER) = X + P
dL{NA) = ZZ
SI{EN} = ~2%
330 EN = ENN2
GO TO &0
C 7z iiezzzy SET PRROR -- ¥O CONVERGENZCE TO AN
C EIGENVALUE AFTER 30 ITEPATIONS 2::stz:cizs
1000 IERR = EN
100t RETURN
c e H LAST CAED OF HOR :z:::z::z:::
c El
SUBROUTINE PSDCAL (122, NS, FA, X NC,G#,5Y ,C,NO HY ¢HU H
1 FBGE,KG,3 AN, AFL } b2t oV b2, dcr.ies 00k, Ba. 20, B0,
c 2 150, 15dam)
C PSDCAL CONPUTES THP FSD OF CUTFUTS OR CONTROLS OF
g A CCNTBOLLED SYSIER
[ 1Y0= 1 QUTPUT PSD
g - 2 CONT FOL P50
c 1PS5D =) PSD
c =2 #52 AND TP SESIDUES
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46 800
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oy

MALIZED BY PROCESS ¥QISE NO. ' ,I9)

EiDZTIM

wpwomu bt AT e e
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[
El=11
03X

WA TIAM A O

10 T, "G
LI 2ot da]
)
-
ﬁ\
-

CCHPUTE EIGENSYSTEN OF TONTROLLED SYSTER

"IN A

BN -

57 En 3.0 (9(1X,18013,6})°
03 (901X, 110

E’ft30‘l°ﬂ
10V, I4 1GE, D1
Lnﬂ BTSN Y
2,10 IHISH R
9;24*-.3 Lbu Lﬁ1cw rh, bk, ul, X, 15am)

ILEIKA 12 LOB IHA

oerrsunsnbendontdane
TAERN 2 a

gr&%tu#ﬁftl(“z ba ':%b ﬁx'

coxTINGE
AT¥E MODAL MATHTCES

Do
Do
FA
FA
jals]
DO
ST
DO
ST
FA
FA
oA
nr
CA
CA
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DO 18g 1=1,NO
DO IJO J=t, %2

.00
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IF (110,20, 1) CALL RESID (I,L,¥2,J%, nG, gu, L, HY, K, 4T,
1 325, B3, CC, IPT) o e
xrsziu.tgéilcn L RESID (I,L,¥2,33%, ug, 5%, NL, HU, ¥R, W,
G LR
Do, 2 bCEFix (0. D0, 0.D0)
OF = ¥ (K}
D6 260 LI=1,42
1){ 260,253,256 .
254 %g(:léé:¥{xi—aﬁ(xr; 08-WI(ZT))
77 = aasAxl)/zo « 2t
g¢ 10“%6
RP =
26 AL = &1
z0 = DC®
Zx = DC
2z = 2
CONT
%gg PSD (K)
300 CONTINOE . .y
¢ 67 330713, 02
oo 320 %zv.uo
9 328
35 3157 k=1, ¥
315 ST = ST ¢ iét.x)nracz(x.a) + T(IAS*T) ErpoE (K, J)
320 g:éi'ﬂkpaug(uszz,so 9.GY,%,% (9 VL, 1P 5 6y) ")
N e LOGP TuAU FEAS YOISE
Do 396 1=1,%0
bkt = DNORESR (I, I) _
ORE O AND. IPT .EQ. M WRITT .4 A0a0) I,L
8040 §5§§{gﬂ}§°TnéN§%¥a'rg;cr:og proN REASARPRERD . Tg5,
1 ¢ TC ABASURER . -
S UREREAND. “IPT_.E3. N WRITE (6 AG50) I,i
8050 ?555135/-°rnxus?¥§ FUNCTIOR FROA n!\;f;k,ssr’..}g'
- g 1 ]
! 'xiztnggg?%):ka)azsrp(t.L.u:.JC!.qn,;,'“L'H"HR.ir'REs'
1 :gétsﬁiéo?§):ALL RESID (I, L, N2,JCP. X0, Sv, NL, HU, WR, W, RES,
Ay 5%3'§5¥)3o
zz = pc=bix(0.00,0.00)
98 360 Tk a
xrmeni 360, 350,356
acaplx (-vk xx; 3-ul (LI}}
350 L1 A Fhs fy7tb
RLRE
356 PE=
AL = RI(IT) o -
Wi lelk (REru2z » AINCR2 -OMPR2 3 pomppvas
v - DC:PLXiRZS(1101|’II-FES[II)lpE.Rgs‘x:].bH'
2z = 22 .+ IN/ZD
260 xrsxruc?ng"g‘.ua. I .NE. L) GO TO 174
Spry = PSOD(K) + DNl
178 Psg;“t T REDIR} +Towir (zznocoxs 22y
180 covtior
390 rr"%gﬁx.sé. 1) 4RITE(6,2023) L
xrixrn LEQ. 2 uax?sieLaova, L
9000 PGIRAT{/® PSD o;sggT>u.-.ts,' PORCED bY ALL NOISE~(PAD PEED, '
“010110&;&1%-(.;5L£§SDOF CO}ST}.OL',I:'-,' FORCKD wy ALL KILSE-(RAD F3E),°
A i L T Eii’l"ékum 171,99
9020 ;S?ii4éﬂ(\x,‘(i,;1 P ST MY
ad0 cca-INOE
RETGRW
000 £CYTIKUE
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CALL BREXIT (W2,PA,IERR)
EETORN

SUBRODTINE EREXIT(¥,A,IERR)

ZREXIT RKETURNS TRE KUNEIR Or THE EIGENVALTUZ WHERE HQR2

FAILS, THEN STOPS THE PROGRAN.
INTEGER IERR
DOUEBLE PEECISION A
DIREXSION lél,l
unxrzéslsoo i R
PORMA ‘ FAILURE IX HQE2 OB EISENVALOS M¥O.
CALL RAPENT(N,N,N,9,A,8,°(9 (1X, 1PD13.6))*)
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THIS PRUGRAR IS US’D TO SOLYE THE TET 5: 2 T &
SRS O DL AL PRERL RIS ¢
x i Rilsaw TEP

CCoarToNS Besbug” LIAN FILTER.THE €
- - &

PI0T= (F~-K&9) F¢ £ (P#-KOH) T+D PV TDPo ot ot meyps
T v v ir e Ko Ry PaUDPT- GG T FWsTeNTREOT ¢
ODOT= FU+UFT +6 oG T ¢
THP PRINCIPAL FEOGRAM INPUTS g
LLECTION OF SYSTEA AKD TILIFR c
PO THE INITIAL COVARIANC p
F THE THRUTH =0ODEL ?!XIEIC ¢
F THE FILTER BMOQDEL )JYNA%] ¢
H THE TBUTH SODEL MEASURE® ¢
L IS THE 2EASURENENT VE ¢
GQGT TRE IMNDPUT NOISE COVARLIA c
THE RBEASUREZMEINT NOISE C c
Ke  FILTES ZALN (NIL) <
2CCCLCECCE CCCCCOle COCOCCCCCCCTas Coeeeeeys ¢

THIS PRCGRAZ HAS 3EEN I
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PED USINI =
NTER OF TH4r

tn
ne
mQ

HE IRSL LIBRARY
NAVAL

2 U1 DU A P B ()
et ot et (At AN ]

N=QRDER OF THE SYSTIM 3ODEL

NPaNUBBER OF rOINTS

KPD=sCONMTFOL OF INITYAL DIASKOSTIC Jurpur
DI=TINE INTERVAL

cXTFRNAL PUN

CALL UGZTIO0(3,5,8)
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TENDa=FINAL TINE
TEND=KeDT

DYERK SUBROUTIN

¢ PINDS THE SOLOTION JP THE SYSTER QF
DIFFERENTIAL EQUAT
U
I

CHS
Mt peERe xY ¥ AR

ir(l ok. .0} stop
caLl vcvrsrtvxa( JPPULL, T

CALCULATE AND PRINT THE R4S ESTIMATE EZRAORS

1
I
!iT TSND,TOL, i%p,c, 105,wK,1ER)
£R,
nl)

po 30 I
REAP=P aen
PFULL{!,I&'D‘! ‘RBIP{
P33R (1) 4DSQRT (2 uLLgx, xs)
4RI T8 ¢ (20) T, (ps02 (D) ‘uy
roRAAT(VOT=4LF10.5," 33313 PRTRE )
1r DESIRED PRINT THE COVARIANCE MATRICES,P.U AND ¥
CALL USESE(1D%,1,0.K,2)
GALL DSupn{1vr, 1, VARUNSs ), TN, N, D)
CALL USwsu{*BY, 1, YAR(NYY N, D)
CONTINDE
ST0F
END
EUBROUTINE YTRANX (A K, HC,IA)
IAPLICIT REALTS ﬂl-ﬁ’6-§
DIMENSION A(IA,IN),B(T,
DO 1 I=1,K
BO 1 Jei
B(L,J)*A (. T}
DO 2 I=1,M
ROIZJJ-§1¥ J)

= .
gjgﬁn&

n
SUBROUTINE FUN(NV,T,VAR, DRV}
PCt SUBPOUTINP IS USED FOR EVALUATING PUNCTIONS (INPUT)

BprLeiy amaL e (4 Sehe 2.8 (2,2
OAFRKT 7,4 M iS ).rL(v i)frs#nu{(7.5fl r§&5:7;,
ﬂPtﬂKN!? 71.5( L
STOMEDR I 118 ) e e o gamyrag )
etk agptonbiibe) UK AR bR

]

L=

DO 1 I#1,NS
L=L+1
U(I)»VAR (L)

D0 < I=V,N

20 2 J=1,0

Lat el
V(L.J)=VAR (L)

no 311-\ .85

P x =YAP

J ; q J)leNPD
ir 1&1.5!.5, G0 T0 15

wWhI® ‘99)
PORHI (Y07=",025.75)
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TEND=FINAL TINE
TEND=KODT

DVERK SUBROUTINE

PISDS THE SOICTION JF ~HE SYSTER OF
DITFEZRENTIAL EQUATIONS
g7 gIAn
ﬁs.
'

CALL DVERK (NV PUN sEaL, TOL,IED,C, 136,47 ,TLE)
IrfIvp.LE. ch ‘
L VEVISF vnn(n ori a)
CALCULATE ARD PRINT THE R#S ESTINATE ZRPORS
Do 30 Ia1

arnp=pr0L£
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COVARIANCE MATRICE2S,?,U AND Y
*1),8,N,¥,3)
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END
SUBROUTINE FUN(NV,T,VAR,DAY)
FCY SUBFOUTINE IS USED FOR EVALUMNTING TONCTIONS(INPUT)

COTHON T S‘QL"’ 3‘ of %5k T(g) 4K (8, 3)
‘AHhKTJB 18 oog Lrhanidtalhy” "5 f(kim,
PSHKH {8 L,u
%?ﬁ!ﬁsiéa 6‘5:5 P(35),UD(36),9D(8,8)
ovna't bb '56 cizh£ £( \sd JL lb( é ’
TnENsIbk Tn |(s, Y.Tx i(s 8) . rabi(a,
L=0

Do i=1,KS
L=Le1}
U(!)"lﬁ(L)
DO 3 I=1,
no z J=1, N

V(X.J)-VAE(L)

DO 3 1s1,8S
L=l 1
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K
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